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ABSTRACT 
Transition metal (TM) nitrides, due to their unique combination of remarkable physical 
properties and simple NaCl structure, are presently utilized in a broad range of applications and 
as model systems in the investigation of complex phenomena. Group-IVB nitrides TiN, ZrN, 
and HfN have transport properties which include superconductivity and high electrical 
conductivity; consequentially, they have become technologically important as electrodes and 
contacts in the semiconducting and superconducting industries. The Group-VB nitride VN, 
which exhibits enhanced ductility, is a fundamental component in superhard and tough 
nanostructured hard coatings. In this thesis, I investigate the lattice dynamics responsible for 
controlling superconductivity and electrical conductivities in Group-IVB nitrides and elasticity 
and structural stability of the NaCl-structure Group-VB nitride VN.  
Our group has already synthesized high-quality epitaxial TiN, HfN, and CeN layers on 
MgO(001) substrates. By irradiating the growth surface with high ion fluxes at energies below 
the bulk lattice-atom displacement threshold, dense epitaxial single crystal TM nitride films 
with extremely smooth surfaces have been grown using ultra-high vacuum magnetically-
unbalanced magnetron sputter deposition. Using this approach, I completed the Group-IVB 
nitride series by growing epitaxial ZrN/MgO(001) films and then grew Group-VB nitride VN 
films epitaxially on MgO(001), MgO(011), and MgO(111).  
The combination of high-resolution x-ray diffraction (XRD) reciprocal lattice maps 
(RLMs), high-resolution cross-sectional transmission electron microscopy (HR-XTEM), and 
selected-area electron diffraction (SAED) show that single-crystal stoichiometric ZrN films 
grown at 450 °C are epitaxially oriented cube-on-cube with respect to their MgO(001) 
substrates, (001)ZrN||(001)MgO and [100]ZrN||[100]MgO. The layers are essentially fully relaxed 
with a lattice parameter of 0.4575 nm. X-ray reflectivity results reveal that the films are 
completely dense with smooth surfaces (roughness = 1.3 nm, consistent with atomic-force 
microscopy analyses). Based upon temperature-dependent electronic transport measurements, 
epitaxial ZrN/MgO(001) layers have a room-temperature resistivity ρ300K of 12.0 µΩ-cm, a 
temperature coefficient of resistivity between 100 and 300 K of 5.6×10-8 Ω-cm K-1, a residual 
resistivity ρo below 30 K of 0.78 µΩ-cm (corresponding to a residual resistivity ratio ρ300Κ/ρ15K 
= 15), and the layers exhibit a superconducting transition temperature Tc = 10.4 K. The 
relatively high residual resistivity ratio, combined with long in-plane and out-of-plane x-ray 
iii  
coherence lengths, ξ|| = 18 nm and ξ⊥ = 161 nm, indicates high crystalline quality with low 
mosaicity. The reflectance of ZrN(001), as determined by variable-angle spectroscopic 
ellipsometry, decreases slowly from 95% at 1 eV to 90% at 2 eV with a reflectance edge at 3.04 
eV. Interband transitions dominate the dielectric response above 2 eV. The ZrN(001) 
nanoindentation hardness and modulus are 22.7±1.7 and 450±25 GPa.  
Transport electron/phonon coupling parameters and Eliashberg spectral functions 
αtr2F(ℏω) are determined for Group-IV TM nitrides TiN, ZrN, and HfN, and the rare-earth (RE) 
nitride CeN using an inversion procedure based upon temperature-dependent (4 < T < 300 K) 
resistivity measurements. Transport electron/phonon coupling parameters λtr vary from 1.11 for 
ZrN to 0.82 for HfN, 0.73 for TiN, and 0.44 for CeN. The small variation in λtr among the TM 
nitrides and the weak coupling in CeN are consistent with measured Tc values: 10.4 (ZrN), 9.18 
(HfN), 5.35 (TiN), and < 4 K for CeN. The Eliashberg spectral function describes the strength 
and energy spectrum of electron/phonon coupling in conventional superconductors. Spectral 
peaks in α2F(ℏω), corresponding to regions in energy-space for which electrons couple to 
acoustic ℏωac and optical ℏωop phonon modes, are centered at ℏωac = 33 and ℏωop = 57 meV for 
TiN, 25 and 60 meV for ZrN, 18 and 64 meV for HfN, and 21 and 39 meV for CeN. The 
acoustic modes soften with increasing cation mass; optical mode energies remain approximately 
constant for the TM nitrides, but are significantly lower for the RE nitride due to a lower 
interatomic force constant. Optical/acoustic peak-intensity ratios are 1.15±0.1 for all four 
nitrides, indicating similar electron/phonon coupling strengths αtr(ℏω) for both modes.  
Elastic constants are determined for single-crystal stoichiometric NaCl-structure 
VN(001), VN(011), and VN(111) epitaxial layers grown by magnetically-unbalanced reactive 
magnetron sputter deposition on 001-, 011-, and 111-oriented MgO substrates at 430 oC. The 
relaxed lattice parameter ao = 0.4134±0.0004 nm, obtained from high-resolution reciprocal 
space maps, and the mass density ρ = 6.1 g/cm3, determined from the combination of 
Rutherford backscattering spectroscopy and film thickness measurements, of the VN layers are 
both in good agreement with reported values for bulk crystals. Sub-picosecond ultrasonic 
optical pump/probe techniques are used to generate and detect VN longitudinal sound waves 
with measured velocities v001 = 9.8±0.3, v011 = 9.1±0.3, and v111 = 9.1±0.3 km/s. The VN c11 
elastic constant is determined from the sound wave velocity measurements as 585±30 GPa; the 
c44 elastic constant, 126±3 GPa, is obtained from surface acoustic wave measurements. From 
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the combination of c11, c44, vhkl, and ρ, the VN c12 elastic constant is 178±33 GPa, the VN 
elastic anisotropy A = 0.62, the isotropic Poisson ratio ν = 0.29, and the anisotropic Poisson 
ratios ν001 = 0.23, ν011 = 0.30, and ν111 = 0.29. The elastic stability criteria requires cubic crystals 
to resist [001] and [011] shears as well as isotropic compression or, equivalently, for G001 = (c11 
– c12)/2 > 0, G011 = c44  > 0, and B = (c11 + 2c12)/3 > 0, in which G001 and G011 are directional 
shear moduli and B is the bulk modulus. Thus, NaCl-structure VN is elastically stable at room 
temperature.  
Structural phase transitions in epitaxial stoichiometric VN/MgO(011) thin films are 
investigated using temperature-dependent synchrotron XRD, SAED, resistivity measurements, 
HR-XTEM, and ab-initio molecular dynamics (AIMD). At room temperature, VN has the B1 
NaCl structure. However, below Tc = 250 K, XRD and SAED results reveal forbidden (00l) 
reflections of mixed parity associated with a non-centrosymmetric tetragonal structure. The 
intensities of the forbidden reflections increase with decreasing temperature following the 
scaling behavior I ∝ (Τc - T)1/2. Resistivity measurements between 300 and 4 K consist of two 
linear regimes resulting from different electron/phonon coupling strengths in the cubic and 
tetragonal VN phases.  The VN transport Eliashberg spectral function α2trF(ℏω), the product of 
the phonon density-of-states F(ℏω) and the transport electron/phonon coupling strength 
α2tr(ℏω), is determined and used in combination with AIMD renormalized phonon dispersion 
relations to show that anharmonic vibrations stabilize the NaCl structure at T > Tc. Free-energy 
contributions due to vibrational entropy, often neglected in theoretical modeling, are essential 
for understanding the room-temperature stability of NaCl-structure VN, and of strongly 
anharmonic systems in general. 
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1. CHAPTER 1 
INTRODUCTION 
1.1. Transition-metal nitrides 
1.1.1. Background 
Transition-metal (TM) nitride compounds and alloys are presently utilized in a wide 
range of applications based upon their unique set of properties including high hardness [1,2], 
excellent scratch and abrasion resistance [3], relatively low friction coefficient [4], high-
temperature oxidation resistance [5–7], electrical conductivities ranging from metallic to 
semiconducting  [8], optical absorption which can be tuned across the visible spectrum [8], 
superconductivity [9,10], and good diffusion barrier characteristics [11–14]. 
Beginning in the 1980's, there was a major initiative to develop TM nitride hard coatings 
for protection against wear [15,3] and environmental degradation [5–7,16]. Since then, many 
groups worldwide have aimed to extend the utility of TM nitride films by further increasing their 
hardness. Successful approaches include the development of multilayers [17–20], starting with 
the pioneering work on TiN/VN(001) [21]; spinodal nanostructures, achieved by alloying Group-
IVB TM nitrides with metastable cubic AlN [22–24]; nanocomposites, consisting of 
nanocrystallites encapsulated by an ~1-nm-thick a-Si3N4 tissue phase [25,26]; and the 
introduction of anion vacancies, as has been shown for understoichiometric single-phase TiNx 
with 0.6 < x < 1 [27,28].  
More recently, it has become recognized that increasing the hardness of coatings alone is 
not sufficient, since increases in hardness are typically accompanied by brittleness. When 
exposed to high-stress conditions, brittle coatings fail prematurely through crack formation and 
growth, rendering them unsuitable for demanding applications. Coatings must, in addition to 
resisting plastic deformation, also resist cracking; they must be tough. In order to understand 
toughening mechanisms in hard coatings, TM nitrides such as VN and VN-based alloys [29–33] 
have become model systems. 
In parallel with the development of TM nitride hard coatings, interest emerged to utilize 
TM nitrides for applications in which control of electrical and thermal transport properties are 
critical. For example, Group-IVB nitrides TiN and ZrN have been utilized as electrodes, ohmic 
contacts [34], and as back-contacts in II-VI and Cu(In,Ga)Se2 solar cells [35]. The Group-IVB 
nitrides VN, NbN, and TaN, have been employed in numerous superconducting devices, 
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including accelerator cavities [36], hot-electron bolometers [37], single-photon detectors [38], 
and THz mixers [39].  
Currently, TM nitrides are being explore for novel applications, including plasmonic 
materials [40–44] and nuclear reactor and recycling materials [45,46]. However, optimization of 
Groups-IV and V TM nitrides for emerging applications requires fundamental understanding and 
control of its properties. 
 
1.1.2. Equilibrium structure and phases 
The crystal structure of TM nitrides was first postulated by Hägg [47] to depend on r, the 
ratio of the TM to N ionic radii. Compounds with r exceeding 0.59 exhibit complex structures 
containing up to hundreds of atoms per primitive unit cell, while those with r less than 0.59 
crystallize in simple structures.  
Among the large family of TM nitrides, the Group-IVB compound TiN has received the 
most attention. TiN has an r ratio of 0.504 [48] and crystalizes in the cubic B-1 NaCl structure 
(Figure 1.1), consistent with Hägg's model. The NaCl crystal structure is a face-centered-cubic 
lattice with a two atom basis set; e.g. a TM atom at 0,0,0 and a N atom at ½,½,½. Alternatively, it 
can be described as interpenetrating cation and anion fcc sublattices.  
The Ti-N equilibrium phase diagram [49], Figure 1.2(a), shows that NaCl-structure TiNx 
has a wide single-phase field, characteristic of TM nitrides, with x ranging from 0.6 to 1.0. 
Between the TiNx phase region and the hexagonal α-Ti phase, which can dissolve up to 15 at% 
N, is the compound ε-Ti2N. The reduced nitride is a line compound and crystallizes in the 
tetragonal structure. Single-phase metastable TiNx with x up to 1.20 has been synthesized in bulk 
and thin film form [50,51]. The melting point of stoichiometric TiN is 2950 oC [52] and 
decreases to 2000 oC for TiN0.50. Based upon a combination of x-ray diffraction and TiNx density 
measurements, together with density functional theory calculations [53], under- and 
overstoichiometric TiNx is primarily due to vacancies on cation and anion sublattices, 
respectively [54]. 
The remaining Group-IVB nitrides -- ZrN and HfN -- have been the subject of far fewer 
investigations. The fifth-row TM nitride ZrN has a cation-to-anion ionic radii ratio of 0.463 [48] 
and also crystalizes in the NaCl-structure. Figure 1.2(b) shows the Zr-N phase diagram [49]. The 
single-phase field of ZrNx ranges from x = 0.80 to 1.00 at 750 oC. α-Zr can dissolve up to 22 at% 
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N. There are no reduced nitride phases between cubic ZrNx and α-Zr. The melting point of 
stoichiometric ZrN is 2960 oC and decreases to 1966 oC for ZrN0.67. A high-pressure metastable 
Zr3N4 phase has recently been stabilized by stress during filtered cathodic arc deposition [55].  
The sixth-row TM nitride HfN exhibits a cation-to-anion ionic radii ratio of 0.467 [48] 
and, like TiN and ZrN, crystalizes in the NaCl structure. The Hf-N phase diagram is shown in 
Figure 1.2(c) [56]. There are three phases: α-Hf, which can dissolve up to ~30 at% N; H3N2, a 
reduced-nitride line compound; and the cubic mononitride HfNx with a phase field extending 
from x = 0.80 to 1.05. Stoichiometric HfN melts at Tm = 3387 oC [57], which decreases to 2910 
oC for understoichiometric HfNx with x = 0.80 [57]. Epitaxial HfNx/MgO(001) films have been 
synthesized [9,58,59]. Based upon the combination of relaxed lattice parameters ao(x), 
determined from x-ray diffraction (XRD) high-resolution reciprocal lattice maps (HR-RLMs), 
and density functional theory simulations, the primary point defects in understoichiometric HfNx 
are N vacancies, while overstoichiometric HfNx contains a combination of Hf vacancies and NHf 
antisites [9].  
 Group-VB nitrides -- VN, NbN, and TaN -- also crystalize in the NaCl-structure. For 
these nitrides, the cation-to-anion ionic radii ratios range from 0.576 to 0.530 to 0.529 [48]. The 
fourth-row TM nitride VN has served as a model Group-VB nitride system in the investigation of 
superhard and supertough materials as well as in the investigation of complex phenomena, 
including phase stability, superconductivity, and electron-electron interactions. The V-N phase 
diagram is shown in Figure 1.2(d). At 520 oC, the single-phase field of cubic VNx extends from 
N/V = 0.80 to 1.00. At 2000 oC, the lower VNx phase-field boundary decreases to 0.50. Between 
the bcc V phase, which can dissolve up to 5 at% N at 520 oC, and NaCl-structure VNx is the 
hexagonal sub-nitride V2N phase. Stoichiometric VN has a melting point of 2050 oC [57]. With 
understoichiometry, the VNx melting point increases slightly to 2340 oC for x = 0.85 and then 
decreases to 2000 oC for x = 0.50 [57]. VNx have been synthesized in bulk and thin film 
form [60–64]. Analyses of bulk density and x-ray diffraction results indicate that VNx 
understoichiometry is due to N vacancies [65–68]. 
 
1.1.3. Electronic bandstructure and bonding characteristics of stoichiometric TM nitrides 
Figure 1.3 shows the calculated TiN electronic band structure along high symmetry 
reciprocal-space directions. The low-lying band ~15 eV below the Fermi energy EF originates 
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from atomic-like N 2s states. The next three bands at ~3 eV below EF are composed primarily of 
N 2p states [69,70]. The higher-lying bands near the Fermi level are predominately due to Ti 3d 
states and there is an overlap between the N 2p and Ti 3d bands. Among the unoccupied bands 
above EF are those due to Ti 4s states, which in pure Ti are occupied. The notation introduced 
above describing the bands as, for example, "N 2p" only indicates the dominant character of the 
band. The N 2p band also contains contributions from the d states of Ti. Similarly the Ti 3d 
bands are actually hybrid p-d bands. Experimentally-determined energy bands obtained using 
angle-resolved photoelectron spectroscopy along [001] reciprocal-space directions are in good 
agreement with calculated results [56].  
The TiN density-of-states (DOS) g(E) is plotted in Figure 1.4. g(E) exhibits a pronounced 
minimum, as is typical of refractory compounds with overlapping p and d orbitals [51], at 2.5 eV 
below EF. The N 2p states below the minimum are primarily bonding states, while the Ti 3d 
states above the minimum are antibonding states. Since TiN has nine valence electrons per 
formula unit, eight electrons occupy bonding states and one electron occupies an antibonding 
state, thus pushing the Fermi level above the minimum in the DOS. 
Bonding in TiN is a mixture of covalent, metallic, and ionic components. The strong 
overlap of N p-states and Ti d-states, shown in the energy band and DOS diagrams, demonstrates 
the covalent bonding character of TiN. The bonding character of TiN is schematically illustrated 
in Figure 1.5, showing bonding orbitals in the (100) plane. The N p-orbitals and the Ti d-orbitals 
form both σ and π covalent bonds. However, Ti-Ti interactions also exist as indicated by the 
overlapping σ-bonded Ti d-orbitals. This is manifested as a non-zero DOS at the Fermi energy, as 
shown in Figure 1.4 [DOS]. These features give rise to the metallic conductivity of TiN. Finally, 
charge transfer from Ti to N atoms due to electronegativity differences leads to a contribution 
from ionic bonding [51]. 
The ZrN electronic DOS is similar to that of TiN (see Figure 1.4); the main difference is 
the larger bandwidth of the p-d states for the fifth-row TM nitride, which has stronger ionic 
bonding (larger cation-anion electronegativity difference), than the fourth-row TM nitride. HfN  
also has a similar electronic DOS to that of TiN and ZrN. However, the fifth-row TM nitride has 
sharp atomic-like Hf 4f states located at ~13 eV below the Fermi level [71–74] (see Figure 1.4). 
X-ray photoelectron spectroscopy measurements for both ZrN [75–77] and HfN [71–73] are in 
good agreement with theoretical results.  
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 Although VN contains an additional d electron per formula compared to TiN, which 
shifts the Fermi level higher into the valence band to a region of higher DOS, the band structure 
of VN is remarkably similar to that of TiN (see Figure 1.6).  
 
1.1.4. Electronic bandstructure and bonding characteristics of understoichiometric TM 
nitrides  
With increasing TiNx understoichiometry, the concentration of N vacancies on the anion 
sublattice increases, thus leading to the formation of Ti dangling bonds. The primary band 
structure changes include a reduction in the density of N 2p states located at ~3 eV below the 
Fermi level EF, the formation of vacancy states at ~1 eV below EF, a decrease in EF, and an 
increase in the DOS at the Fermi level [70]. In addition, due the loss of the ideal NaCl-structure 
octahedral lattice symmetry, understoichiometry results in the degeneracy of the two d orbitals 
pointing along [100] and the three d orbitals along [110] being lifted, leading to a reorganization 
of the V 3d states. X-ray photoelectron spectroscopy results are in good agreement with 
calculations [78]. Understoichiometry in other Group-IVB nitrides ZrN and HfN leads to similar 
behavior [79–81].  
Decreasing x in the Group-VB nitride VNx also results from N 
vacancies [67,68,70,82,83] and, correspondingly, V dangling bonds. Electronic Greens function 
Kohn-Korringa-Rostoker calculations carried out by Marksteiner [70] reveal that VNx vacancy 
states are located at approximately the same energy, relative to other valence band features, as 
those reported in TiNx; however, since the VNx Fermi level is ~1 eV higher than that of TiN, 
vacancy states are ~2 eV below the EF, as opposed to ~1 eV below for TiN [70]. With decreasing 
x, the VNx Fermi level is shifted to lower energies and the VNx DOS at the Fermi level is 
decreased [70]. The latter contrasts with reported behavior for TiNx, in which the DOS at the 
Fermi level increases with understoichiometry [70]. 
 
1.1.5. Properties of TM nitrides 
The complex mixed bonding which exists in TiN, as well as in other B1-NaCl-structure 
TM nitrides, results in the unique properties these materials exhibit. The strong covalent 
character of the bonds gives rise to high hardness, high stiffness, and high-temperature thermal 
and chemical stability. Epitaxial TiN/MgO(001) films of high-crystalline quality exhibit 
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nanoindentation hardness values of 20.2±2 GPa [53] and fundamental elastic constants of c11 = 
626, c12 = 165, and c44 = 156 GPa  [28,84]. The metallic component of the bonding is responsible 
for the relatively high electrical conductivity and reflectivity. Epitaxial TiN/MgO(001) films 
exhibit room-temperature resistivities of 12 µΩ-cm [85] and infrared reflectivities exceeding 
0.90 [8]. The golden color of stoichiometric TiN is due to its high reflectance in the red and 
infrared together with an reflectance edge in the visible at 2.5 eV (in the yellow region of the 
visible spectrum) [8,86]. 
TiNx physical properties are strongly influenced by x, the N/Ti ratio. The relaxed lattice 
parameter decreases linearly from 0.4240 nm with x = 1.00 to 0.4226 nm for x = 0.65 [53]. Over 
the same range in x, hardness values increase continuously from 20 to 30 GPa and elastic moduli 
decrease from 425 to 325 GPa [53]. The enhancement in hardness values with decreasing x in 
TiNx are due to N vacancies, which reduce dislocation mobility [53]. TiNx <001> longitudinal 
sound velocities decrease linearly with x from 10.8 km/s for x = 1.00 to 9.3 km/s at x = 0.67; 
consequentially, c11 and c44 values increase from 439 and 92 GPa with x = 0.67 to 626 and 156 
GPa for x = 1.00 [28,87]. 
Physical properties of HfNx, like those of TiNx, are found to vary strongly with x. 
HfNx(001) relaxed lattice parameters, 0.4524 nm for stoichiometric samples [58], increase with 
understoichiometry to 0.4543 nm at x = 0.80, and decreases with overstoichiometry to 0.4517 
nm with x = 1.20 [9]. The room-temperature resistivity ρ300K of stoichiometric HfN(001) is 14.2 
µΩ-cm and increases with both increasing and decreasing N/Hf ratios to 140 µΩ-cm with x = 
0.80 and 26.4 µΩ-cm with x = 1.20 [9]. Hardness H and elastic modulus E values of HfN(001) 
are 25.2 and 450 GPa, respectively [9]. H(x) increases with both over- and understoichiometry 
due to defect-induced hardening, while E(x) remains essentially constant. Superconducting 
transition temperatures are highest for stoichiometric epitaxial HfN/MgO(001) films, 9.18 
K [88], and decrease with under- and overstoichiometry.  
There are no reported systematic investigation of the properties of high-quality single-
crystal ZrNx and VNx as a function of x.  
 
1.1.6. Need for single-crystal TM nitrides 
In addition to being strongly influenced by the N/TM ratio, physical properties of TM 
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nitride thin films are also very sensitive to film density, nanostructure, grain size, texture, and 
surface roughness. Often, these factors are unknown. As a result, reported film properties are 
found to vary greatly. For nominally stoichiometric ZrN, reported room-temperature resistivity 
values range from 23 to 2000 µΩ-cm [89–91], lattice constants from 0.457 to 0.468 nm [92,93], 
hardness values from 15 to 40 GPa [94–97], and elastic moduli from 267 to 424 GPa [94,95,98]. 
For nominally stoichiometric VN, reported resistivity values range from 34 to 500 µΩ-cm  [99–
103], lattice parameters from 0.409 to 0.415 nm [62,104], hardness values from 11 to 30 
GPa [105,106], and elastic moduli from 187 to 221 GPa [106]. Additionally, experimental elastic 
constants, obtained using acoustic microscopy [107,108], and theoretical results based on density 
functional theory [33,109], differ by as much as 150 GPa (~30%).  
 In order to develop an understanding of the fundamental properties of TM nitrides, 
property measurement and analyses should be carried out on high-quality single crystals. Greene, 
Petrov, and coworkers have shown that fully-dense epitaxial single-crystal TM nitride films with 
extremely smooth surfaces can be grown [24,58,110–113] using ultra-high vacuum (UHV) 
magnetically-unbalanced magnetron sputter deposition [114,115] incorporating high fluxes of 
low-energy ions incident at the growth surface. Ion energies must be maintained below the bulk 
lattice-atom displacement threshold. A summary of the properties of high-crystalline quality 
epitaxial TM and rare-earth (RE) nitrides which have been grown using this technique are 
presented in Table 1.  
  
1.2. Phonon-mediated transition-metal nitride properties 
1.2.1. Background 
Phonons, quantized lattice vibrations, are well known to control many material 
properties, including elasticity and stiffness, sound velocity, superconductivity, electrical and 
thermal transport, heat capacity, structural stability, and infrared dielectric response. The phonon 
density of states is a spectral function F(ℏω) which indicates the number of vibrational modes 
with energy ℏω: 
 F(ℏω) = δ ℏω− ℏω!,!!,!  (1.1) 
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in which the summation is carried out over all phonon branch indices ν and wave-vectors k in the 
first Brillouin-zone. Einstein [116], in seminal work, approximated F(ℏω) as a Dirac-delta 
function and used it to model the heat capacity of diamond. Two decades later, Debye [117] 
refined Einstein's original assumption by considering the continuum limit in which F(ℏω) 
assumes the shape of a truncated parabola. Despite these simple approximations, it had long been 
recognized that the phonon DOS, together with other vibrational spectral functions, exhibit 
complex structures resulting from material-dependent interatomic forces and many-body 
interactions. In order to investigate fundamental forces and interactions, Lifshitz [118] proposed 
to solve the inverse problem and determine phonon spectral functions from experimental 
measurements. Since then, phonon spectral functions have been obtained by inverting heat 
capacity data [119], infrared reflectivity spectra [120], temperature-dependent resistivity 
measurements [121], tunneling experiments [122], and angle-resolved photoemission 
spectra [123].  
In addition to inverting spectral functions from experimental measurements, fundamental 
forces and interactions are investigated by measuring phonon energies with inelastic scattering 
techniques, including Brillouin light scattering and Raman spectroscopy. Using inelastic neutron 
scattering, Weber et al. [124] determined VNx phonon densities of states F(ℏω) as a function of 
x. Results are shown in Figure 1.7.  With increasing energy, the phonon density of states for 
stoichiometric VN increases, reaching a maximum at ~20 meV, and then decreases gradually, 
exhibiting a shoulder-peak at ~30 meV. Peaks in the DOS arise from van Hove singularities, i.e. 
regions in reciprocal space where phonon energies are slowly-varying with respect to 
momentum. The maximum at 20 meV results from TA modes and the shoulder-peak at 30 meV 
stems from LA modes. As x is decreased in understoichiometric VNx, the energies of both LA 
and TA peaks increase.  
Phonon dispersion curves for bulk single-crystal VN0.86 are plotted in Figure 1.8 along 
high-symmetry reciprocal-space directions [124]. Binary compounds, like cubic VN, have six 
phonon branches (one for each atom and for each three-dimensional degree of freedom). The 
lower three branches shown in Figure 1.8 are acoustic modes, in which N and V atoms vibrate 
in-phase, while the upper three branches are optical modes, in which N and V atoms vibrate out-
of-phase. Near Γ, the zone-center, VN0.86 optical modes are degenerate, consistent with the fact 
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that VN is a metal. Throughout the Brillouin-zone, VN0.86 optical modes exhibit very little 
structure, varying by 7 meV. The acoustic phonon energies increase linearly with momentum 
near Γ, indicating that VN is stable under elastic deformation. As the X-point zone boundary is 
approached along [001], TA phonon energies saturate and LA phonon energies decrease. At the 
X-point, VN0.86 TA and LA phonons are degenerate with energies of 20 meV. The pronounced 
reduction in LA mode energies near the X-point is attributed to the screening of interatomic 
forces by valence electrons [124].  
 
1.2.2. Eliashberg function and superconductivity 
Of importance to the study of electronic and thermal transport properties and 
superconductivity is the Eliashberg spectral function α2F(ℏω). It provides an energy-resolved 
measure of electron/phonon coupling strengths and is given by the relationship [125] 
 α!F(ℏω) = N! g!,! !δ ℏω− ℏω!,!!,! , (1.2) 
in which δ is the Dirac delta function, NF is the electronic density of states at the Fermi level, and g!,! is the electron/phonon interaction matrix element describing the scattering of an electron by 
a phonon with wavevector k. F(ℏω) is the phonon density of states and α2 is the electron/phonon 
matrix element scaled by NF and averaged over energies ℏω. Typically, α2(ℏω) is a slowly 
varying function of energy. Consequentially, spectral features observed in α2F(ℏω) primarily 
arise from features in F(ℏω).  
 Group-IV nitrides are archetype Bardeen-Cooper-Schrieffer (BCS) systems exhibiting 
phonon-mediated superconductivity, for which there has recently been renewed interest due to 
the discovery of a pseudogap in ultrathin disordered TiN films [126] and an increase in the 
critical superconducting transition temperatures Tc of HfN and ZrN with doping [127]. Gall et al. 
investigated electron transport in epitaxial TiN/MgO(001) layers as a function of film 
thickness [128] and Kardakov et al. determined electron/phonon relaxation times in ultrathin 
TiN/Al2O3(0001) layers [129]. However, apart from tunneling spectroscopy experiments on ZrN 
by Geerk et al [130], virtually no work has been carried out to determine the Eliashberg function 
α2F(ℏω) of high-quality Group-IVB thin films. 
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Zhao and coworkers [104,131] conducted tunneling spectroscopy measurements on VNx 
films, deposited on sapphire by reactive rf sputter deposition, to determine the VNx 
superconducting energy gap Δ and investigate electronic band renormalization due to 
electron/phonon interactions. Multiple tunnel junctions were fabricated using native VNx oxide, 
SiO2, and Al2O3 as tunnel barriers and 300-nm-thick evaporated Al or Ag as counterelectrodes. 
The best tunnel junctions were found to have a resistance of 10-60 Ω and a junction dimension of 
0.1 x 0.2 mm2. Resulting junction currents I and differential resistances dV/dI are plotted as a 
function of voltage V between 0 and 6 mV in Figure 1.9(a). At V between 3 and 6 mV, Ohm's 
law is obeyed; the current increases approximately linearly with voltage, yielding a constant 
junction resistance. As the bias is reduced to zero from 3 mV, the current decreases rapidly and 
then levels off. The voltage at which the current decreases fastest, i.e. at which the resistance is 
the higest, corresponds to the VNx superconducting energy gap Δ/e, in which the electron charge 
e is added to make the units of voltage and energy consistent. Despite the nonzero currents at 
voltages below Δ/e, indicating significant current leakage, the authors report that measurements 
carried out using six different junction configurations and samples yield Δ = 1.40±0.05 meV. 
The value of 2Δ is the minimum energy required to break a Cooper pair and create two quasi-
partcile excitations. According to the weak-coupling BCS theory, the ratio 2Δ/kBTc = 
3.528 [132,133]. For VNx, Δ/kBTc = 3.9, larger than the predicted BCS value. Thus, VNx is a 
strongly-coupled superconductor [134,135]. For reference, 2Δ/kBTc = 4.31 for NbN [136] and 4.5 
for Pb [137]; both are also strongly-coupled superconductors. 
 d2I/dV2 curves are plotted in Figure 1.9(b) with respect to voltages over the range from 
13 to 40 mV. d2I/dV2 exhibits three main peaks at ~ 19, 25, and 32 mV. Features in d2I/dV2 result 
from features in the electronic density of states. Since phonons interact with electrons, perturbing 
the density of electronic states, peaks in d2I/dV2 also reflect the energies of vibrational 
modes [122,138]. Thus, the authors assign two of the peaks, 19 and 32 mV, to result from 
electron/acoustic-phonon coupling. The authors of do not comment on the peak at 25 mV, but 
note that no other features, i.e. ones corresponding to optical phonon modes, were observed 
when the voltage range was extended up to 100 mV. 
Rietschel et al. [139] carried out semi-empirical calculations to determine the Eliashberg 
spectral function α2F(ℏω) of VN. The electronic structure parameters required for the calculation 
were obtained self-consistently from first-principles, while the necessary lattice dynamics 
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parameters were determined by fitting phonon dispersions, measured by inelastic neutron 
scattering, to a double-shell model [124]. The resulting Eliashberg spectrum is presented in 
Figure 1.10(a). α2F(ℏω) exhibits a two features. The first feature, resulting from 
electron/acoustic-phonon coupling, spans 0 to 30 meV and the second feature, stemming from 
electron/optical-phonon coupling, ranges from 65 to 75 meV. The lower-energy feature exhibits 
two main peaks at ~20 and 30 meV, consistent with van Hove singularities in the inelastic 
neutron scattering data, upon which the calculations are based.  
Tralshawala et al. [102] determined the Eliashberg spectrum of nominally stoichiometric 
VN from tunneling spectroscopy measurements carried out through MgO barriers. The resulting 
spectrum, Figure 1.10(b), consists of a low-energy feature ranging from 0 to 20 meV, which is 
due to electron/acousic-phonon interactions, and a higher-energy feature from 30 to 60 meV, due 
to electron/optical-phonon interactions. These findings are, however, inconsistent with results 
obtained by Zhao and coworkers, including those plotted in Figure 1.9, which show that d2I/dV2 
vs. V curves from VNx/native-oxide/Al tunnel junctions exhibit clear phonon structures at 19 and 
32 meV. Thus, there remains significant uncertainty regarding the Eliashberg spectral function of 
VN. 
 
1.2.3. Anharmonicity 
Group-VB nitrides VN, NbN, and TaN are strongly anharmonic systems, in which many-
body interactions alter vibrational energies as a function of temperature, thus affecting material 
properties. At room-temperature, Group-VB nitrides have the B1 NaCl structure [140–143]. 
However, results from first-principles density-functional theory calculations show that in the 
ideal B1 structure, these compounds exhibit dynamic instabilities characterized by imaginary 
acoustic phonon energies around the X-point at 0 K [144,145]. Physically, imaginary energies 
indicate that the restoring forces experienced by displaced atoms, in the presence of lattice 
vibrational waves, are insufficient to return atoms to their ideal positions; instead, atoms become 
trapped in potential-energy minima located at different crystallographic coordinates, thus leading 
to a crystal structure transformation. Three decades ago, Kubel et al. [146] reported a cubic-to-
tetragonal phase transition upon cooling bulk polycrystalline stoichiometric VN samples below 
204 K. Lattice symmetry breaking was observed by x-ray diffraction and confirmed by heat 
capacity measurements. Recently, Ivashchenko et al. [147] found, using density-functional 
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perturbation theory, that the low-temperature tetragonal VN structure is dynamically stable at 0 
K, with all phonon modes exhibiting positive, real energies.  
A rigorous explanation of the thermodynamic stability of room-temperature 
stoichiometric NaCl-structure VN is lacking. Ivashchenko and Turchi [145] simulated vacancies 
on both cation and anion VN sublattices by convolving the ideal VN band-structure with 
Gaussian functions. They linked increases in the electronic temperature, i.e. broadening of 
convoluted line-widths, to increased vacancy concentrations and found that the cubic VN 
structure becomes energetically favored over the tetragonal structure at absolute zero when the 
joint vacancy concentration is greater than 6% on both sublattices. Weber et al. [124] determined 
room-temperature phonon dispersion relations for bulk understoichiometric single-crystal VN0.86 
using inelastic neutron scattering and showed that, in the presence of anion vacancies, acoustic 
phonon energies around the X-point are real, thus reflecting a dynamically-stable cubic structure. 
Kubel et al. [146] reported that polycrystalline understoichiometric bulk VNx samples with x < 
0.97 remain in the cubic phase when cooled to cryogenic temperatures and do not undergo the 
cubic-to-tetragonal phase transition observed in their stoichiometric samples.  
 
1.3. Research goals 
This research has two primary goals. The first is to investigate the effect of 
electron/phonon interactions on electronic transport properties of Group-IV TM nitrides TiN, 
ZrN, and HfN, which are BCS model systems exhibiting phonon-mediated superconductivity. 
For comparison, I will also investigate the Group-IV rare-earth (RE) nitride CeN. Our group has 
already synthesized high-quality epitaxial TiN, HfN, and CeN layers on MgO(001) substrates. 
Here, I use magnetically-unbalanced reactive sputter deposition [114,115] to complete the 
Group-IV nitride series by growing single-crystal ZrN/MgO(001) films. The second part of this 
research is to investigate the role of phonons in controlling transport properties and structural 
phase transitions in Group-VB TM nitrides. I choose VN since it exhibits pronounced 
anharmonic lattice vibrations resulting from strong electron/phonon interactions and due to its 
long history as a model system for the investigation of mechanical properties. Epitaxial layers 
will be grown on 001-, 011-, and 111-oriented MgO substrates to determine fundamental VN 
elastic constants and assess the elastic stability of VN. 
In order to determine growth conditions for epitaxial ZrN and VN layers, I investigate 
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reactive sputtering in mixed Ar/N2 discharges, determining changes in plasma dynamics, target 
surface chemistry, and film growth kinetics as a function of the N2 fraction fN2 in mixed N2/Ar 
discharges as well as the nanostructure and composition of as-deposited layers. For epitaxial ZrN 
and VN layers, I determine x-ray coherence lengths (i.e., sample mosaicity), lattice strain, 
relaxed lattice parameters, temperature-dependent resistivities, superconducting transition 
temperatures, complex dielectric functions, reflectivities from the infrared to near ultraviolet, and 
hardness values. Missing properties for the Group-IVB nitrides TiN, HfN, and CeN (see Table I 
for known properties) will also be obtained. For all Group-IVB nitrides, I determine transport 
Eliashberg spectral functions, phonon densities of states weighted by energy-resolved 
electron/phonon coupling strengths, from temperature-dependent resistivity measurements.  
For the Group-VB nitride model system VN, I investigate the elastic, dynamic, and 
thermodynamic stability of the NaCl-structure. Elastically-stable materials resist strain; 
dynamically-stable materials resist vibrations; and thermodynamically-stable materials have 
lower free energies than competing phases. Using picosecond optical pump/probe measurements, 
I measure longitudinal sound velocities and determine the fundamental VN elastic constants c11, 
c12, and c44. VN phonon dispersions, in the presence of strong anharmonic vibrations and 
electron/phonon interactions, are investigated using temperature-dependent electron diffraction 
and synchrotron x-ray diffraction. Experimental results will be interpreted in conjunction with 
ab-initio molecular dynamic (AIMD) simulations carried out with temperature-dependent 
effective potentials to establish the elastic, dynamic, and thermodynamic stability of the cubic 
VN phase in the presence of strong anharmonic vibrations and electron/phonon interactions.  
The research results presented in this dissertation can be grouped into four primary areas: 
(1) understanding Zr reactive sputtering in mixed N2/Ar atmospheres in order to grow fully-
dense epitaxial ZrN films of high structural quality, (2) determination of electronic transport and 
superconducting properties, together with electron/phonon interactions, of Group-IV nitrides 
TiN, ZrN, HfN, and CeN, (3) understanding V reactive sputtering in mixed N2/Ar atmospheres in 
order to grow fully-dense epitaxial VN layers of high structural quality, (4) determination of 
elastic and vibrational properties of VN, which control the elastic, dynamic, and thermodynamic 
stability of NaCl-structure relative to the low-temperature tetragonal phase. 
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1.4. Overview of following chapters 
Chapter 2 describes experimental and theoretical procedures. TM nitride layers are grown 
in a load-locked ultra-high vacuum (UHV) stainless-steel dc magnetron sputter deposition 
system which has been described in detail in Ref. [114]. Substrates are 001-, 011-, and 111-
oriented MgO crystals. The nanostructure, nanochemistry, residual strain, and surface 
morphology of as-deposited films are determined using a combination of Rutherford 
backscattering (RBS), x-ray diffraction (XRD), plan-view transmission electron microscopy 
(TEM), cross-sectional TEM (XTEM) analyses, atomic force microscopy (AFM), and Raman 
spectroscopy. Variable-angle spectroscopic ellipsometry, four-point probes in van der Pauw 
geometry [148], nanoindentation analyses, and optical pump/probe techniques are used to obtain 
physical properties including room-temperature and temperature-dependent electrical 
resistivities, superconducting transition temperatures, hardness values, sound velocities, and 
fundamental elastic constants.  
Density functional theory electronic-band-structure calculations are carried out to 
determine unscreened plasma frequencies for the Group-IV TM nitrides TiN, ZrN, and HfN, and 
for the Group-IV RE nitride CeN. Ab initio molecular dynamics simulations based on the 
temperature dependent effective potential method are utilized to determine renormalized (i.e., 
including many body interactions) VN phonon dispersion relations as a function of temperature 
from 0 to 400 K. Electronic Green's functions calculations, together with the coherent potential 
approximation, are carried out to determine the scattering amplitudes and thus, residual 
resistivities, of stoichiometric VN in the presence of cation and anion vacancies.  
Chapter 3 presents the results of an investigation of the deposition and properties of 
epitaxial ZrN films in mixed Ar/N2 discharges. Plasma discharge dynamics are determined from 
Langmuir probe measurements; target surface chemistry is analyzed based upon measured 
current-voltage characteristics and N2 gas consumption in the discharge; and film-growth 
kinetics as a function of the N2 fraction fN2 are characterized using deposition rates, film 
compositions, and ex-situ atomic force microscopy results. Initial film-growth experiments, in 
which f!! is varied from zero to one with the growth temperature constant at 450 oC, are initially 
carried out to determine deposition conditions which yield stoichiometric epitaxial 
ZrN/MgO(001) layers. ZrN films, 830-nm-thick, grown with f!! = 0.0175 are determined to be 
fully-dense stoichiometric single-crystals with extremely smooth surfaces; large x-ray coherence 
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lengths, indicating low mosaicity; and a room-temperature resistivity ρ300K = 12 µΩ-cm, resulting 
in high residual ratios RRR = ρ300Κ/ρο ~ 15, in which ρo the residual resistivity below 30 K is 
0.78 µΩ-cm. The layers are epitaxially-oriented cube-on-cube with respect to their MgO(001) 
substrates and are essentially fully relaxed with a lattice parameter of 0.4575 nm. ZrN(001) 
reflectivity, as determined by variable-angle spectroscopic ellipsometry, decreases slowly from 
95% at 1 eV to 90% at 2 eV with a reflectance edge at 3.04 eV. The ZrN(001) nanoindentation 
hardness and modulus are 22.7±1.7 and 450±25 GPa.  
In Chapter 4, I determine transport electron/phonon coupling parameters and Eliashberg 
spectral functions αtr2F(ℏω) for Group-IV transition-metal (TM) nitrides TiN, ZrN, and HfN, 
and the rare-earth (RE) nitride CeN using an inversion procedure based upon temperature-
dependent (4 < T < 300 K) resistivity measurements of high-crystalline-quality stoichiometric 
epitaxial films grown on MgO(001) by magnetically-unbalanced reactive magnetron sputtering. 
Transport electron/phonon coupling parameters λtr vary from 1.11 for ZrN to 0.82 for HfN, 0.73 
for TiN, and 0.44 for CeN, consistent with variations in superconducting transition temperatures: 
10.4 (ZrN), 9.18 (HfN), 5.35 (TiN), and < 4 K for CeN. Spectral peaks in α2F(ℏω) due to 
electron/acoustic-phonon and electro/optical-phonon coupling occur at ℏωac = 33 and ℏωop = 57 
meV for TiN, 25 and 60 meV for ZrN, 18 and 64 meV for HfN, and 21 and 39 meV for CeN. 
The acoustic modes soften with increasing cation mass; optical mode energies scale with TM and 
RE nitride cohesive energies. Optical/acoustic peak-intensity ratios are 1.15±0.1 for all four 
nitrides, indicating similar electron/phonon coupling strengths αtr(ℏω) for both modes.  
Chapter 5 presents the results of an investigation of the deposition and elastic properties 
of epitaxial VN films. VNx growth phase maps are established as a function of deposition 
temperatures Ts (160-430oC) and nitrogen gas fractions f!!(0.01-1). Stoichiometric epitaxial VN 
overlayers are obtained on 001-, 011-, and 111-oriented MgO substrates at Ts = 430 oC in pure 
N2 discharges. VN films are fully-dense single-crystals, with a lattice parameter of 0.4134 nm, 
and epitaxially-oriented cube-on-cube with respect to their MgO substrates. VN longitudinal 
sound velocities along [001], [011], and [111] are v001 = 9.8±0.3, v011 = 9.1±0.3, and v111 = 
9.1±0.3 km/s, corresponding to elastic constants c11 = 585±30, c44 = 126±3 GPa, and c12 = 
178±33 GPa. The three fundamental VN elastic constants satisfy the elastic stability criteria, 
(c11-c12)/2 > 0, c44 > 0, and (c11+2c12)/0 > 0, indicating that NaCl-structure VN is elastically 
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stable at room-temperature and resists shear along 001 and 111 as well as isotropic compression. 
In Chapter 6, structural phase transitions in epitaxial stoichiometric VN/MgO(011) thin 
films are investigated using synchrotron XRD, HR-XTEM, SAED, and ab-initio molecular 
dynamics (AIMD). At room temperature, VN has the B1-NaCl structure. However, below the 
critical temperature Tc = 250 K, XRD and SAED results reveal forbidden (00l) reflections of 
mixed parity associated with a non-centrosymmetric tetragonal structure. Upon further cooling, 
reflections intensify following the scaling behavior: I ∝ (Τc-T)1/2. Resistivity ρ(T) measurements 
between 300 and 4 K consist of two linear regimes, resulting from different electron/phonon 
coupling strengths in the cubic and tetragonal VN phases. These findings refute the long-held 
hypothesis that the resistivity of stoichiometric VN exhibits a single sub-linear temperature 
dependence as electron/phonon scattering reduces electron mean free paths to distances shorter 
than the interatomic spacing. The VN transport Eliashberg spectral function α2trF(ℏω) is 
determined and used in combination with AIMD-renormalized phonon dispersion relations to 
show that anharmonic vibrations stabilize the NaCl phase at T > Tc. Free energy contributions 
from vibrational entropy, often-neglected in theoretical modeling, are essential to understand the 
room-temperature stability of NaCl-structure VN and of strongly anharmonic systems in general.  
 
1.5. Publications 
The results of my research are also summarized in the following first-authored peer-
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1.7. Figures 
 
 
 
 
 
 
 
 
Figure 1.1.  Crystal structure of stoichiometric TiN, from Ref. [51]. 
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Figure 1.2.  Equilibrium binary (a) Ti-N, (b) Zr-N, (c) Hf-N, and (d) V-N phase diagrams, 
from Ref. [49]. 
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Figure 1.3.  TiN bandstructure, from Ref. [51]. 
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Figure 1.4.  Group-IVB nitrides TiN, ZrN, and HfN electronic density of states. 
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Figure 1.5.  Schematic of bonding in TiN, from Ref. [49].  
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Figure 1.6.  Computed electronic density of states g(E) for Group-IVB and VB nitrides TiN 
and VN. Gray and red dashed lines indicate the position of TiN and VN Fermi 
levels, respectively. g(E) is shifted in energy for VN, to highlight similarity to the 
band structure of TiN. 
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Figure 1.7.  Acoustic part of VNx phonon density of states obtained from bulk single-crystal 
VNx samples with x = 1.0, 0.93, and 0.86 using inelastic neutron scattering 
measurements, from Ref. [124]. 
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Figure 1.8.  VN0.86 phonon density of states, determined using inelastic neutron scattering 
measurements from a bulk single crystal, from Ref. [124]. 
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Figure 1.9.  VN tunneling spectroscopy. (a) Current and differential resistance of 
VNx/Al2O3/Al tunnel junction, from Ref. [149]. (b) Second derivative of current 
with respect to voltage as a function of voltage bias across VNx/native-oxide/Al 
tunnel junction, from Ref. [131]. Arrows in (b) indicate phonon features. 
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Figure 1.10.  VN Eliashberg spectral function. (a) Semi-empirically calculated using vibrational 
parameters fitted to inelastic neutron scattering measurements, from Ref. [139]. 
(b) Obtained by inverting tunneling spectroscopy measurements using MgO 
tunnel barriers into nominally stoichiometric VN films, from Ref. [102].  
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2. CHAPTER 2 
EXPERIMENTAL AND THEORETICAL PROCEDURES  
 
2.1. Growth procedure 
2.1.1. Film growth  
A schematic illustration of the load-locked ultra-high-vacuum (UHV) magnetically-
unbalanced magnetron sputter deposition system used to grow high-quality single-crystal 
stoichiometric ZrN and VN films is presented in Figure 2.1. The pressure in the sample 
introduction chamber is reduced below 5×10-8 Torr (7×10-6 Pa), using a 50 l/s turbo-molecular 
pump (TMP), prior to initiating substrate exchange into the deposition chamber, which has a 
base pressure of 5×10-10 Torr (7×10-8 Pa), achieved using a 500 l/s TMP. The deposition chamber 
contains two face-to-face planar magnetrons of opposite magnetic-polarity, which are located 
perpendicular to the axis of the load-lock, along which the sample exchange rod passes. For the 
present experiments, only the right magnetron, equipped with either a 7.62-cm-diameter Zr 
(99.9% pure) or V (99.95% pure) disk target, is used. The substrate holder is positioned 6 cm 
from, and oriented parallel to, the target. Film deposition is carried out at a constant target power 
of 100 W. 
Ultra-high purity Ar (99.999%) and N2 (99.9999%) are introduced through high-precision 
solenoid valves while the total pressure is monitored by a capacitance manometer and 
maintained constant at 20 mTorr with an automatic mass-flow controller. The relatively high 
sputtering pressure is used to thermalize sputtered atoms and the majority of ions neutralized and 
reflected from the target [1].  
The substrates are polished 10×10×0.5 mm3 MgO(001) wafers which are cleaned and 
degreased by successive rinses in ultrasonic baths of trichloroethane, acetone, methanol, and 
deionized water, and then blown dry in dry N2. Final substrate cleaning consists of thermal 
degassing in UHV at 800 °C for 1 h, a procedure shown to result in sharp MgO(001)1×1 
reflection high-energy electron diffraction patterns [2]. Immediately prior to initiating deposition, 
the target is sputter etched for five min with a shutter shielding the substrate. VN layers are 
grown at Ts = 430 °C (Ts/Tm = 0.30, in which Tm = 2323 K is the melting point of VN [3]); ZrN 
layers are grown at Ts = 450 °C (Ts/Tm = 0.22, Tm = 3233 K for ZrN [3]). The film growth 
temperature is monitored using a 0.25-mm-diameter chromel-alumel thermocouple clamped to 
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the surface of a sacrificial substrate and includes contributions due to plasma heating. 
A pair of external Helmholtz coils with Fe pole pieces is utilized to controllably 
unbalance the magnetic circuit of the magnetron through the addition of a uniform axial 
magnetic field. This provides the ability to shape the discharge near the substrate and allows 
independent control of the energy and flux of ions incident at the growing film [4] with 
negligible effect on the target sputtering rate. Films thicknesses are determined by surface 
profilometry, calibrated using a SiO2/Si(001) layer of known oxide thickness, cross-sectional 
transmission electron microscopy, and cross-sectional electron microscopy. 
 
2.1.2. Unbalanced magnetron sputtering and control of Ji/JMe 
Planar magnetrons used in this research have a set of permanent magnets located behind 
the target and outside the vacuum chamber. The magnetic field produces -- in concert with the 
applied electric field -- an electron trap in the shape of a toroid directly in front of the target 
surface. The permanent magnetic field, measured at the target surface, has a normal component 
of > 1200 G at the central pole and > 900 G at the outer poles with a maximum parallel 
component of > 500 G approximately halfway between the two poles.  
In addition to the permanent magnets, a pair of external Helmholtz electromagnetic coils 
with Fe pole pieces is used to controllably unbalance the magnetic circuit in the magnetron 
through the addition of a uniform axial magnetic field Bext with a maximum value ±180 G in the 
region between the target and the substrate. The positive and negative signs refer to geometries 
in which Bext aids and opposes, respectively, the field of the outer pole of the magnetron. When 
Bext is negative, the substrate is effectively decoupled from the intense ionization region adjacent 
to the erosion track on the target. Electrons are steered away from the substrate towards the 
chamber walls, thus reducing the plasma density near the growing film and minimizing ion 
irradiation at the growth surface. Changing the sign of Bext to reinforce the field of the outer 
permanent magnet [Figure 2.2(b)] allows an increasing fraction of electrons to escape the trap 
over the target and be channeled toward the substrate. This, in turn, increases the plasma density 
in the vicinity of the substrate and greatly enhances the ion flux incident at the growing film.  
While varying Bext strongly affects the ion flux incident at the substrate, it has relatively 
little effect on the target voltage VT with the discharge operated in constant-power mode. As a 
result, the external coils afford the ability to shape the discharge near the substrate and allow 
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independent control of the energy, through the substrate bias Vs, and flux of ions incident at the 
growing film with negligible effect on the target sputtering rate. Figure 2.3(a) and 2.2(b) show 
photographs depicting the spatial distribution of the optical plasma emission intensity during 
sputtering of VN with Bext = -30 and +180 G, respectively.  
 
2.1.3. Plasma characteristics 
The magnetic circuit of the magnetron is unbalanced by the addition of a tunable external 
axial magnetic field which provides the ability to shape the plasma near the substrate [4]. This, in 
turn, allows high-flux, low-energy (less than the bulk lattice-atom displacement threshold) ion 
irradiation of the growth surface to enhance adatom mean free paths during deposition which has 
been shown to increase crystalline quality [5–7]. Plasma characteristics, including plasma 
potential Vp, floating potential Vf, and ion flux onto the growth surface Ji are determined during 
film growth using electrostatic probe measurements. A detailed account of the procedure is given 
in Ref. [4] and briefly described here.  
Figure 2.4(a) is a typical Langmuir probe current IL vs. probe voltage VL plot, obtained 
using a 1-mm-long W-wire Langmuir probe with a diameter of 0.1 mm, during reactive 
sputtering of V in pure N2 atmospheres. For negative probe biases, IL is small and negative; 
while for more positive probe biases, IL is large and positive. As VL is increased above ~ -45 eV, 
IL increases, becoming less negative, and eventually passes through zero. For further increases in 
VL, IL grows exponentially until it begins to saturate, on a logarithmic scale, at VL ~ 30 V, 
increasing only linearly thereafter. The rectifying behavior results from negative probe voltages 
attracting slow massive ions and positive probe voltages collecting faster, more mobile electrons. 
The probe voltage at which the magnitude of the electron current equals that of the ion currents, 
i.e. IL = 0, corresponds to the floating potential Vf. The plasma potential Vp is obtained from the 
inflection point in the current-voltage response, the voltage at which the second derivative 
d2IL/dVL2 equals zero. The magnitude of the difference between the plasma potential and the 
substrate potential, which in this case is the floating potential, corresponds to the ion energy Ei = 
e|Vp - Vf|. For reactive sputtering of V in 20-mTorr pure N2 discharges, Vp = -31 V and Vf = -43 
V, yielding an ion energy of 12 eV incident at the substrate. ZrN is obtained by sputter 
depositing Zr in mixed N2/Ar discharges with a N2 gas fraction of f!! = 0.0175. Since ZrN has a 
higher cohesive energy than VN (15.04 eV [8] vs. 14.0 eV [9]), a substrate bias, Vs = -75 V, is 
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applied to increase the ion energy, Ei = e|Vp - Vs| = 48 eV, in which Vp = -27 V, and hence 
adatom mean free paths. Under these conditions, epitaxial ZrN/MgO(001) films are obtained at 
low homologous growth temperatures. During both VN and ZrN deposition, the substrate sheath 
width Ls, estimated using the Child-Langmuir equation [10], is more than five times smaller than 
the charge-exchange mean free path [11], ~8 mm. Thus, ion irradiation of the growing film is 
essentially monoenergetic. 
Figure 2.4(b) shows the second derivative of the Langmuir probe current IL with respect 
to probe voltage d2IL/dVL2 as a function of VL, corresponding to the IL and VL data shown in 
Figure 2.4(a). d2IL/dVL2 is zero for probe voltages much smaller and much greater than Vp; as the 
plasma potential is approached from positive and negative VL, the magnitude of d2IL/dVL2 
increases slowly, reaches a maximum, and then decrease to zero, giving rise to Gaussian-like 
features with extended tails.  
The ion flux Ji incident at the growth surface during film deposition is measured using a 
6-mm-diameter stainless-steel disk mounted in a through-hole drilled in the center of a special 
substrate platen. The surface of the planar probe is coincident with the substrate surface and is 
electrically isolated from the platen by a 0.25 mm vacuum gap. To minimize edge effects, the 
probe and substrate platen are maintained at the same potential, -80 V, with respect to the 
grounded chamber, in order to measure the ion contribution to the probe current. For reactive 
sputtering of V in pure N2 discharges, the current density Ji = 15.8x1015 ions/cm2s, which 
together with the measured deposition rate R = 0.10 nm s-1, yields an ion-to-V flux ratio Ji/JV = 
28 incident at the film surface during deposition. For the case of Zr sputtering in mixed N2/Ar 
discharges with f!! = 0.0175, Ji = 1.1×1016 cm-2 s-1 and R = 0.46 nm s-1, corresponding to Ji/JZr = 
5.7.  
 
2.2. Sample characterization 
2.2.1. Rutherford backscattering 
As-deposited ZrNx and VNx film compositions x and mass densities ρ are determined by 
Rutherford backscattering spectroscopy (RBS). The probe beam consists of 2 MeV He+ ions 
incident at 22.5° relative to the sample surface normal with a total accumulated ion dose of 100 
µC; the detector is set at a 150° scattering angle.  
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Figure 2.5 is a typical RBS spectrum from a VN/MgO(001) film deposited at 430 oC in 
pure N2. The spectrum consists of two primary sets of features, the signatures of film and 
substrate elemental compositions. The feature between 1.25 and 1.5 MeV corresponds to V in 
the film and occurs at higher energies since V has the highest atomic number, ZV = 23  [12], of 
the elements comprising VN and MgO. The lower-energy feature, 0.25 to 0.8 MeV, stems from 
Mg and O (ZMg = 12 and ZO = 8) in the substrate together with N from the film (ZN = 7). To 
determine the atomic density and composition of the film, the backscattered spectrum is modeled 
using the SIMNRA simulation program [13]. Figure 2.5 shows a simulated curve for which a 
uniform VN layer, with an areal atomic density of ρA = 3.5x1018 atoms-cm-2 and a V/N ratio of 
1.00±0.03, is positioned on top of an infinitely-thick stoichiometric MgO substrate; the 
agreement between the experimental and simulated curves is very good, revealing that the VN 
film is stoichiometric. From the relationship ρ = (mV + mN)ρA/2t, in which mV = 50.9 amu and 
mN = 14.0 amu are the atomic masses of V and N, ρA is the RBS atomic areal density, and t = 
300 nm is the film thickness obtained from cross-sectional scanning electron microscopy, the 
film mass density ρ is determined to be 6.1±0.1 g/cm3, in good agreement with reported values 
for bulk VN, 6.0 g/cm3 [14]. 
 
2.2.2.  X-ray diffraction  
X-ray diffraction (XRD) ω-rocking curves and 022 φ-scans are obtained using a Philips 
Xpert MRD diffractometer operated with CuKα radiation of wavelength λ = 0.15418 nm, a Ni 
filter to remove CuKβ reflections, and thin-film parallel plate collimator secondary optics. X-ray 
ω-2θ scans, high-resolution reciprocal lattice maps (HR-RLMs), and x-ray reflectivity (XRR) 
scans are acquired in a second Philips X’pert MRD diffractometer using CuKα radiation, λ = 
0.15418 nm, in line focus. The primary optics of this system consist of a parabolic mirror and a 
two-reflection Ge monochromator providing an angular beam divergence of < 12 arc-sec with a 
wavelength spread of Δλ/λ = 7×10-5; a high-speed linear detector serves as the secondary optics. 
XRR scans are fit based upon the Fresnel reflectivity formulation of Parratt to obtain the mass 
density and surface roughness of as-deposited films [15].  
 
2.2.3. Synchrotron x-ray diffraction  
XRD pole-figures, high-resolution reciprocal-space maps (HR-RSM), and scans along 
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high-symmetry directions are obtained at beamline 33-BM of the Advanced Photon Source, 
Argonne National Laboratory. Experiments are performed with the storage ring operating in top-
up mode with an electron energy of 7 GeV and an injection current of 100 mA. Using a double-
crystal Si(111) monochromator, the wavelength of the x-ray probe beam is set to 0.08257 nm (15 
keV). VN/MgO(011) samples, 5x5 mm2, are mounted on a Cu cold finger, enclosed in a Be-
dome-covered cryostat, and evacuated to 1x10-6 Torr (1.3 x10-4 Pa). Sample temperatures, varied 
from 20 to 300 K, are monitored using a Lake Shore Si diode thermometer and adjusted by Joule 
heating. The x-ray probe beam is focused onto the detector plane, yielding 1x1012 photons/s 
incident on an 800x400 µm2 area of the sample surface.  
 
2.2.4.  Transmission electron microscopy 
Cross-sectional specimens are prepared for transmission electron microscopy (TEM) by 
gluing films to glass slides and cutting vertical sections. The samples are mechanically ground to 
thicknesses of ≃ 30  µμm and then thinned to electron transparency using a Gatan PIPS ion miller 
with two 3.5 keV Ar+ beams incident simultaneously from below and above the substrate at 
shallow angles of 8°. Samples are rotated during ion etching. Final thinning is carried out using 
100 eV Ar+ ions.  
High-resolution cross-sectional Z-contrast scanning transmission electron microscopy 
(STEM) analyses are carried out in a CEOS spherical-aberration-corrected JEOL 2200 
microscope. An ~0.1-nm-diameter electron probe, generated with a field-emission source 
operated at 200 keV, is rastered across the specimen while incoherently-scattered electrons are 
collected using a high-resolution high-angle annular dark-field detector. High-resolution cross-
sectional TEM (HR-XTEM) analyses are carried out in an energy-filtered JEOL 2010F field-
emission analytic microscope operated at 200 kV. Bright-field XTEM images and corresponding 
selected area electron diffraction (SAED) patterns are acquired in a separate JEOL 2100 
instrument equipped with a LaB6 crystal field-emission source operated at 200 keV.  
 
2.2.5.  Atomic force microscopy 
Atomic force microscopy images (AFM) are acquired in tapping mode using an Asylum 
Cypher instrument. An Al-coated Si tip, with a radius of curvature less than 10 nm, is rastered 
over 3×3 µm2 areas.  
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AFM data are analyzed using the height-difference correlation function G(d) = 〈|hi - hj|2〉, 
where the brackets signify averages over pairs of positions i and j separated by distance d, which 
provides a quantitative measure of surface roughness across all lateral length scales [16]. G(d) 
increases with d following a power-law behavior until saturation is reached. The film roughening 
exponent α is determined using the scaling relationship G(d) ∝ d2α for small d values in the 
presaturation region [17]. Physically, α is a measure of how well the roughness can be described 
by a single lateral length scale (e.g., a periodic surface roughness corresponds to α = 1). For 
reference, α = 0.80±0.05 for low-temperature (Ts/Tm = 0.41) Ge/Ge(001) growth by molecular 
beam epitaxy [18] and α = 0.85±0.05 for low-temperature (Ts/Tm = 0.34) epitaxial Si/Si(001) 
growth by ion-beam sputter deposition [19].  
Surface height fluctuations are typically characterized by an average mound separation, 
which may be obtained from the position of the first weak local [G(d)]1/2 vs. d minimum in the 
saturation region. The saturated height-difference correlation function [G(d∞)]1/2, defined as 
the average of all measured [G(d)]1/2 values obtained for d larger than that corresponding to the 
intersection of best-fit straight lines drawn through the steeply rising and saturation regions [19] 
6, is related to the surface width w, [G(d∞)]1/2 ≃ 2w, where w = 〈h2〉1/2 [20]. Surface width 
results obtained from the AFM analysis should be comparable to those obtained by fitting XRR 
scans. 
 
2.2.6.  Temperature-dependent resistivity 
Resistivity measurements are conducted in the van der Pauw geometry [21] with pressed 
In dots as contacts. All contacts are tested for ohmic behavior. Current and voltage 
measurements are iterated through different contact pairs to account for geometric effects. 
Temperature-dependent resistivity is measured over the range 4 < T < 300 K using a Quantum 
Design physical-property measurement system. 
Figure 2.6 shows a typical temperature-dependent resistivity ρ(T) curve for 
stoichiometric ZrN(001) between 4 to 300 K. ρ(T) decreases approximately linearly with 
decreasing temperature from 300 to 100 K indicating metallic conduction in which electron 
mobilities are limited by phonon scattering. The slope of the resistivity in this region, (ρ300K - 
ρ100K)/(200 K), is the temperature coefficient of resistivity TCR. At temperatures T ≲ 30 K, 
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phonon populations are negligible. As a result, electrons scatter primarily from defects and the 
resistivity becomes independent of temperature at the residual resistivity ρo. In metallic 
conductors, high residual resistivity ratio RRR = ρ300K/ρo indicate high crystalline quality. The 
sample is superconducting over the temperature range at which the resistivity is zero. The 
temperature at which the film becomes superconducting corresponds to the superconducting 
transition temperature Tc. The 90%-10% criterion, the temperature-width from which the 
resistivity decreases from 0.90ρο to 0.10ρo prior to the superconducting state being reached, is 
used to assess sample homogeneity. 
 
2.2.7.  Variable-angle spectroscopic ellipsometry 
 Variable-angle spectroscopic ellipsometry measurements are performed in a J.A. 
Woollam VASE ellipsometer, equipped with a Xe lamp, over the energy range from 0.7 eV to 
4.5 eV. Samples are illuminated at angles of 50, 60, and 70° relative to the surface normal. Light 
guiding to the monochromator is achieved via a fiber optic cable with an absorption band 
between 0.87 and 0.92 eV. 
 
2.2.8.  Nanoindentation 
Hardness H and elastic modulus E values are determined from nanoindentation 
measurements carried out with a sharp Berkovitch diamond tip in a Hysitron Triboindentor. Nine 
indentations, arranged in a 3x3 square geometry with indents separated by 10 µm, are made in 
each sample. Indentation sequences consist of 50 cycles of loading and unloading in which the 
load at the end of each cycle increases by 10% such that the final indentation load corresponds to 
an indent depth less than 10% of the film thickness in order to minimize substrate effects. 
Unloading segments, during which the load decreases by 20%, are analyzed following the 
approach developed by Oliver and Pharr [22]. 
 
2.2.9.  Picosecond-acoustics  
Fundamental elastic constants are typically obtained by inelastic neutron scattering [23] 
or measurements of acoustic sound velocities [24,25]. The advent of high-intensity mode-locked 
lasers and modern Fabry-Pérot interferometers has inspired the determination of acoustic wave 
velocities v using tabletop techniques including picosecond-acoustics and Brillouin light 
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scattering spectroscopy. In this thesis, longitudinal sound velocities along the 001, 011, and 111 
directions are obtained using sub-picosecond light pulses, generated with a mode-locked 
Ti:sapphire laser, operated at wavelength λ = 785 nm, to locally heat the sample surface and 
detect corresponding surface reflectance changes ΔR(t) as a function of time t. Temporal 
resolution is achieved by splitting the laser pulses into probe and pump beams and offsetting the 
beams with a time delay. In order to enhance surface reflectance changes, 80-nm-thick Al 
blanket layers, which serve as optical transducers, are deposited on VN(001), (011), and (111) 
samples by magnetron sputtering. Values for c11 are obtained from the relationship 
v001= c11/ρ  [26,27], in which ρ  is the film mass denity, obtained from RBS.  
The velocity of acoustic waves vSAW propagating on the surface of VN(001) is also 
measured in order to determine c44, utilizing polydimethylsiloxane (PDMS) mask gratings, 
(CH3)3Si[O(CH3)2Si]nOSi(CH3)3, fabricated with bars along [100] directions using a Si mold as 
described in Ref. [28]. The gratings have a period of 700 nm with square-wave grooves 350 nm 
wide and 350 nm in depth. Upon illumination by laser pump pulses, periodic local heating, 
leading to periodic local thermal stress, is generated in the VN(001) surface. Relaxation occurs 
by launching SAW waves, with the same spatial period as the grating, in a direction orthogonal 
to the grating grooves.  
To determine c44 elastic constants, a numerical Green’s function method for describing 
SAW velocities in layered structures is used [29]. The simulation requires eight parameters: the 
elastic constants of MgO (c11 = 299.8, c12 = 99.1, and c44 = 157.5 GPa [30]), the VN c11 elastic 
constant (585 GPa), and the mass density ρ of VN (ρVN = 6.1 g/cm3) and MgO (ρMgO = 3.58 
g/cm3). Two of the parameters, the VN c12 and c44 elastic constants, are unknown; however, the 
SAW velocity vSAW is only sensitive to c44 (the vSAW sensitivities to c12 and c44 are -0.01 and 
0.25). This reduces the SAW propagation velocity to a function of a single parameter, vcalc(c44). 
To obtain c44, we estimate c44, compute vcalc(c44), compare vcalc(c44) to our measured vSAW value, 
input a new estimate for c44, and continue this iterative procedure until we obtain agreement 
between the calculated and measured SAW propagation velocities. Once c44 is known, the 
following relationships  
 
 v011= (c11+c12+2c44)/2ρ (2.1) 
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 v111= (c11+2c12+4c44)/3ρ (2.2) 
 
are used to determine c12 from longitudinal sound velocities along [011] and [111]. 
  
2.3. Theoretical calculations  
2.3.1. Ab initio molecular dynamics 
Temperature-dependent VN phonon dispersion relations are determined from ab-initio 
molecular dynamics (AIMD) simulations using the temperature-dependent effective potential 
technique (TDEP). The method is described in detail in Refs. [32,33]. Briefly, anharmonic 
atomic displacement uj and forces Fi are obtained from AIMD simulations carried out at finite 
temperatures and used together with Hooke's law to obtain temperature-dependent effective 
interatomic force constant matrices Φij which obey cubic symmetry and best reproduce the 
anharmonic behavior; that is, which minimize ΔF   = 𝐅! − 𝚽!"𝐮!𝐣!,!  for all AIMD time steps 
t. Indices i and j refer to crystallographic directions. By interpolating the finite-temperature set, 
together with results obtained at absolute zero, of symmetry-irreducible [32] effective force 
constant matrices Φij, force constant matrices 𝚽!𝐣 at arbitrary temperatures are determined. From 
the Fourier-transformed 𝚽!" matrices, dynamical matrices Dij are obtained and diagonalized to 
yield the temperature-dependent VN phonon dispersion relations. 
Atomic forces F are computed at each molecular dynamic time step from self-consistent 
electronic charge densities n[r] using the Hellmann-Feynman theorem [34,35]. The required n[r] 
values are obtained within the density functional theory framework by self-consistently solving 
the Kohn-Sham equations [36] using the Projector Augmented Wave method [37] as 
implemented in VASP [38,39,39,40]. VN is modeled as a supercell consisting of five repetitions 
of the B1 NaCl-structure unit cell in each Cartesian direction (5x5x5), corresponding to 250 
atoms. V pseudopotentials are based on s and d valence states; N pseudopotentials, on s and p 
states. Electronic exchange and correlation effects are parameterized using the AM05 
functional [41] and the plane wave expansion is carried out up to a cut-off energy of 500 eV. 
Brillouin-zone integration is performed using the Γ-point. Temperature-dependent effective force 
constant matrices Φij are obtained from AIMD simulations at T = 300, 600, 900, and 1200 K. 
Thermal expansion effects are treated by minimizing, at each temperature, the Helmholtz free 
energy as a function of volume using a parabolic fit; for this purpose, simulations are carried out 
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using five supercell volumes based on lattice parameters 0.98, 0.99, 1.00, 1.01, and 1.02% of the 
equilibrium value at absolute zero. Simulations are run for approximately 16000 2-fs time steps; 
temperature is controlled using a Nosé thermostat [42].  
  
2.3.2. Electronic Green's function calculations 
VN residual resistivities ρο due to the joint presence of cation and anion vacancies are 
estimated from first-principles electronic Green's function calculations using the Kubo-
Greenwood formalism [43–48]. The calculations are based on the primitive face-centered-cubic 
unit cell with a two-atom basis set and the experimental VN relaxed lattice parameter value ao = 
0.4134 nm [49]. Vacancy-induced disorder is modeled within the coherent potential 
approximation [50]. Expansion of the electronic wave function in terms of atomic s, p, and d 
spherical harmonics is performed using the atomic-sphere approximation with equal, chemistry-
independent, sphere radii; we find a posteriori that this configuration yields the smallest ρο value 
and, thus, the highest, most conservative, estimate of the vacancy density [51]. Self-consistent 
VN electronic Green's functions are solved using the Korringa-Kohn-Rostoker 
approximation [52,53] as implemented in SPR-KKR [46–48]. Electron exchange and correlation 
effects are treated within the generalized gradient approximation as parameterized by Perdew, 
Burke, and Ernzerhof [54]. Resulting VN electronic band dispersion relations are found to be in 
good agreement with those computed independently with VASP. 
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2.5. Figures 
 
 
 
 
 
 
 
 
Figure 2.1.  Schematic diagram of the magnetically-unbalanced UHV reactive magnetron 
sputter deposition system used to grow high-quality epitaxial ZrN and VN layers 
on MgO(001) substrates.   
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Figure 2.2.  Schematic diagram illustrating the effect of superimposing an external magnetic 
field Bext on an unbalanced magnetron sputter deposition discharge. Here, Bext 
(a) opposes and (b) enhances the field of the outer (permanent) magnets in a 
magnetron (from Ref.  [4]).  
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Figure 2.3.  Reactive sputter deposition at constant power 100 W and total pressure 20 mTorr 
in 5%-N2/Ar discharges with an external magnetic field of (a) Bext = -30 G and 
(b) Bext = +180 G. Adapted from Ref. [55]. 
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Figure 2.4.  (a) Log-linear plot of Langmuir probe current IL vs. voltage VL. (b) The second 
derivative of the Langmuir probe current with respect to voltage plotted as a 
function of VL. The solid lines in both panels and in the insert are interpolations 
based on the empirical model of Ref. [56]. 
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Figure 2.5.  Measured (solid) and simulated (dashed) RBS spectra from a stoichiometric 300-
nm-thick epitaxial VN/MgO(001) layer grown at 430 oC in a pure N2 discharge. 
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Figure 2.6.  Typical temperature-dependent resistivity ρ(T) of an 830-nm-thick epitaxial 
ZrN/MgO(001) film grown at Ts = 450 oC.  
ZrN/MgO(001)
Ts = 450 oC
t = 830 nm
 53 
 
3. CHAPTER 3 
PHYSICAL PROPERTIES OF EPITAXIAL ZrN/MgO(001) LAYERS 
GROWN BY REACTIVE MAGNETRON SPUTTER DEPOSITION 
 
3.1.  Introduction 
Cubic B1-NaCl-structure transition-metal (TM) nitrides are well known for their 
outstanding physical properties including high hardness and mechanical strength [1–3], scratch 
and abrasion resistance [4,5], chemical inertness [6–8], and electrical resistivity which varies 
from metallic to semiconducting [9–11]. The Group-IVB compound ZrN is attractive for 
applications ranging from Josephson junctions in superconducting quantum-interference 
devices [12] to diffusion barriers in the fabrication of dynamic random access memories [13,14]. 
Recently, interest in ZrN has broadened, due to its small neutron capture cross-section, high 
thermal conductivity [15], and high-temperature stability, as inert matrix material for nuclear fuel 
disposal [16] as well as a cladding layer in light-water reactors [17,18]. In addition, ZrN has 
received attention as a plasmonic material, due to low-losses in the visible to near-infrared 
range [19,20]. 
Reported physical properties of ZrN films range broadly. For example, lattice constants 
vary from 0.457 to 0.468 nm [21,22], resistivity from 23 to 2000 µΩ-cm [23–25], hardness from 
15 to 40 GPa [26–29], and elastic modulus from 267 to 424 GPa [26,27,30]. Much of the 
variance stems from the fact that the films are polycrystalline ZrNx with different average grain 
sizes, preferred orientation, and N/Zr ratios. Often, these factors, which control film properties, 
are undetermined. Cubic ZrNx has a wide single-phase region, ranging from 0.63 to 1.0 at 2000 
°C [31]. Growth of “epitaxial” ZrNx films on Si(001), with a lattice misfit of 16%, has been 
reported at 950 oC [25]. However, the films contained polycrystalline components, while the 
epitaxial regions exhibited a network of small-angle grain boundaries giving rise to x-ray 
broadening. The resistivities of these films were relatively high, 23-33 µΩ-cm. Thus, there is still 
considerable uncertainty concerning the fundamental properties of stoichiometric single-crystal 
ZrN thin films. 
Here, I present an investigation on the growth, electronic transport, optical, and 
mechanical properties of single-crystal stoichiometric ZrN layers deposited on MgO(001) by 
reactive magnetron sputtering in mixed Ar/N2 atmospheres. High-resolution reciprocal lattice 
maps (HR-RLM), high-resolution cross-sectional transmission electron microscopy (HR-
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XTEM), and selected-area electron diffraction (SAED) indicate that ZrN on MgO(001) grows 
with a cube-on-cube orientational relationship, (001)ZrN||(001)MgO and [100]ZrN||[100]MgO, and a 
relaxed lattice parameter ao = 0.4575 nm. The layers have a room-temperature resistivity ρ300K = 
12.0 µΩ-cm, a temperature coefficient of resistivity TCR between 100 and 300 K of 5.6×10-8 Ω-
cm K-1, and a superconducting transition temperature Tc = 10.4 K. Variable-angle spectroscopic 
ellipsometry shows that the complex dielectric function ε(ω) = ε1(ω) + iε2(ω) of ZrN(001) varies 
from ε1(ω) = -60 and ε2(ω) = 14 with ω = 1.5×1015 rads/s (ℏω = 1 eV) to ε1(ω) = 18 and ε2(ω) = 
6 at ω = 7.6×1015 rads/s (ℏω = 5 eV). The ZrN(001) nanoindentation hardness and modulus are 
H = 22.7±1.7 GPa and E = 450±25 GPa. 
 
3.2. Results 
3.2.1. ZrN/MgO(001) film nanostructure 
Initial film growth experiments, in which f!! was varied from zero to one, were carried 
out to determine deposition conditions for obtaining stoichiometric epitaxial ZrN/MgO(001) 
layers. XRD θ-2θ, glancing angle, and azimuthal φ-scans reveal that films grown at Ts  = 450 oC 
with f!! = 0 are hcp Zr; 0 < f!! < 0.0170 films are polycrystalline two-phase mixtures consisting 
of hcp Ζr and cubic ZrNx; and layers grown with f!! > 0.0170 are single-phase B1-NaCl-
structure ZrNx for which RBS results show that the N/Zr ratio increases monotonically from 0.80 
(f!! = 0.0170) to 1.33 (f!! = 1). Stoichiometric epitaxial ZrN, N/Zr = 1.0±0.03, is obtained with f!! = 0.0175. The sharp increase in film N/Zr ratio over the narrow f!! range between 0.0170 
and 0.0175 arises from a correspondingly sharp decrease in the Zr flux arriving at the substrate 
as the target is nitrided (poisoned) during a rapid feedback process. All subsequent films 
discussed in this chapter are therefore grown with f!! = 0.0175. 
XRD ω-2θ scans over the 2θ range 10–110° exhibit only four peaks, corresponding to 
002 and 004 film and substrate reflections, as shown in Figure 3.1. MgO 002 and 004 reflections 
at 2θ = 42.86 and 94.01° yield a substrate lattice constant as = 0.42112 nm in agreement with 
published values [32]. ZrN 002 and 004 reflections at 39.30 and 84.51° are symmetric and sharp 
with full-widths at half-maximum intensities (FWHM) Γ2θ of 0.077 and 0.110°. The inset in 
Figure 3.1 is an ω-rocking curve about the ZrN 002 reflection; the peak is symmetric with Γω = 
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0.578°. No peaks are observed in glancing-angle XRD indicating the absence of randomly 
oriented grains.  
A typical HR-RLM about the 002 ZrN film peak is shown in Figure 3.2. The diffraction 
intensity distributions are plotted as isointensity contours as a function of the reciprocal lattice 
vectors k|| parallel and k⊥ perpendicular to the surface. The in-plane ξ|| and out-of-plane ξ⊥ x-ray 
coherence lengths are obtained from the widths of the 002 film reflection parallel Δg|| and 
perpendicular Δg⊥ to the diffraction vector g [33]:  
 
 
ξ∥= 2πΔg∥ = λ2Γωsinθ, (3.1) 
and 
 
ξ⊥= 2πΔg⊥ = λΓ2θ cos θ, (3.2) 
 
In the above equations, λ is the x-ray wavelength, θ the Bragg angle, and Γω and Γ2θ the FWHM 
values of the 002 Bragg reflection in the ω and 2θ directions. After correcting Γω and Γ2θ for 
instrument broadening via Gaussian deconvolution [34], ξ⊥ = 161 nm and ξ|| = 18 nm, indicating 
that the films are of high structural quality, especially for layers grown at Ts/T m = 0.18 with a 
film-substrate lattice mismatch m = (as - ao)/as = -0.086, in which ao and as are the relaxed ZrN 
and substrate lattice parameters (see below). X-ray coherence lengths for HfN/MgO(001) layers 
with a comparable mismatch m = -0.074, but grown at Ts/Tm = 0.26, are ξ⊥ = 182 nm and ξ|| = 22 
nm [35]. Reported values for other epitaxial transition-metal nitrides are given in Table I. 
Figure 3.3 is a typical ZrN/MgO(001) HR-RLM acquired about the asymmetric 113 
reflection. Peak positions in ω–2θ are related to the parallel and perpendicular reciprocal lattice 
vectors k|| and k⊥ via the equations k|| = 2rEsin(θ)cos(ω-θ) and k⊥= 2rEsin(θ)sin(ω-θ) [36], in 
which rE is the Ewald sphere radius given by rE = 1/λ and λ = 0.15418 nm is the CuKα 
wavelength. For a 113 reflection from an 001-oriented NaCl-structure sample, the in-plane a|| and 
out-of-plane a⊥ lattice parameters are obtained from the reciprocal lattice vectors through the 
relations a∥ = 2/k⊥ and a⊥ = 3/k∥ [37]. From the results in Figure 3.3, a|| = 0.4558 nm and a⊥ = 
0.4583 nm. The ZrN relaxed lattice parameter is then determined from the equation [37]: 
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 a! = a! 1− 2ν a! − a∥a∥ 1+ ν , (3.3) 
 
in which ν = 0.19 is the ZrN Poisson ratio [38]. Equation 3.3 yields ao = 0.4575 nm, equal to the 
reported value for bulk ZrN crystals [39]. 
Residual in-plane ε|| and out-of-plane ε⊥ strains are obtained from the relationships 
 
 ε|| = 
a||  - ao
ao
 (3.4) 
and 
  = 
a⊥  - ao
ao
, (3.5) 
 
as ε|| = -0.0037 and ε⊥ = 0.0017, showing that the ZrN(001) films are nearly fully relaxed (the 
degree of in-plane relaxation Rrlx = 100(a|| - as)/(ao - as) = 95%). In-plane compressive strain 
results primarily from differential thermal contraction upon cooling the films from Ts to room-
temperature. Τhe thermal expansion coefficients of MgO (α = 13×10-6 K-1 [1]) and ZrN (α = 
7.2×10-6 K-1  [1]) generate an in-plane compressive strain of ε|| = -0.0026. 
A typical ZrN/MgO(001) HR-XTEM image, acquired along the 110 zone axis, is shown 
in Figure 3.4(a). Image contrast between the film and substrate originates predominately from 
the large difference in mass between Zr (mZr = 91.2 amu) and Mg (mMg = 24.3 amu). Continuous 
lattice fringes across the film/substrate interface confirm the epitaxial nature of the overlayer. An 
SAED pattern, with the aperture set to sample the entire ZrN film, plus ≃	  400 nm of the MgO 
substrate, is shown in Figure 3.4(b). Each reflection is split into two distinct spots corresponding 
to ZrN (inner) and MgO (outer). The symmetry of the pattern verifies that all film and substrate 
diffraction spots are single-crystal Fm3m  NaCl-structure reflections. Based upon the 
combination of XRD, HR-RLM, and SAED results, ZrN grows with an epitaxial cube-on-cube 
orientation with respect to the MgO(001) substrate: (001)ZrN||(001)MgO and [100]ZrN||[100]MgO.  
X-ray reflectivity (XRR) is used to determine film density and to provide a quantitative 
measure of layer roughness for features with an in-plane length scale less than the beam 
coherence which, as determined from the incident beam divergence, is > 2.5 µm. A typical XRR 
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scan acquired from a ZrN/MgO(001) film over the 2θ range from zero to 9000 arc-sec (2.5o) is 
shown in Figure 3.5. The rate of decrease in specularly-reflected x-ray intensity IR with 
increasing 2θ is directly related to the surface roughness; the critical angle (θc = 0.75o), below 
which total external reflection occurs, is related to the film density. Measured XRR scans are fit 
to theoretical curves calculated from the recursive theory of Parratt, based upon the Fresnel 
reflectivity formalism [40]. Surface roughness is modeled as a Gaussian distribution of electron 
density which is directly incorporated in the Fresnel coefficients. The measured and calculated 
curves in Figure 3.5 are in very good agreement with respect to angular position and intensity, 
including the overall decay due to surface roughness, showing that the ZrN layers have a surface 
width w = 1.3 nm and a mass density, 7.32 g/cm3, equal to that of bulk ZrN  [41]. 
The inset in Figure 3.6 is a 3x3µm2 AFM scan of the ZrN/MgO(001) film corresponding 
to Figure 3.5, with the image axes oriented along [100] and [010] directions. The surface 
topography, which appears quite smooth over large length scales, consists of two-dimensional 
growth mounds resulting from the presence of an Ehrlich step edge barrier [42] giving rise to 
asymmetric diffusion rates for adatoms at ascending versus descending steps [43,44]. 
An analysis of the AFM data using the height-difference correlation function G(ρ) = 〈|hi - 
hj|2〉, where the brackets signify averages over pairs of positions i and j separated by distance ρ, 
provides a quantitative measure of surface roughness across all lateral length scales [45]. The 
results are presented in a log-log plot in Figure 3.6 as the root-mean-correlated height difference 
[G(ρ)]1/2 vs. ρ. G increases with ρ following a power-law behavior until saturation is reached. 
The film roughening exponent α is determined using the scaling relationship G(ρ) ∝ ρ2α for 
small ρ in the presaturation region [46]. Physically, α is a measure of how well the roughness can 
be described by a single lateral length scale (e.g., a periodic surface roughness corresponds to α = 
1). In Figure 3.6(b), α = 0.88±0.14, much larger than predicted by scaling theories for the 
ballistic aggregation "hit and stick" growth mode, α = 1/3  [47], and remarkably similar to values 
α = 0.80±0.05 obtained for low-temperature (Ts/Tm = 0.41) Ge/Ge(001) growth by molecular 
beam epitaxy [48] and α = 0.85±0.05 for low-temperature (Ts/Tm = 0.34) epitaxial Si/Si(001) 
growth by ion-beam sputter deposition [49]. The large α value obtained in the present 
experiments for ZrN/MgO(001), indicates that the film surfaces have relatively well-defined 
length scales, while AFM images (see inset in Figure 3.6) show that they are quite smooth. 
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The surface height fluctuations are characterized by an average mound separation d = 
75±3 nm obtained from the position of the first weak local [G(ρ)]1/2 vs. ρ minimum in the 
saturation region. The saturated height-difference correlation function [G(ρ∞)]1/2, defined as 
the average of all measured [G(ρ)]1/2 values obtained for ρ larger than that corresponding to the 
intersection of best-fit straight lines drawn through the steeply rising and saturation regions [49] 
in Figure 3.6, is related to the surface width w, [G(ρ∞)]1/2 ≃ 2w, where w = 〈h2〉1/2 [50]. 
Here, w = 1.3 nm is obtained, in agreement with XRR results. Thus, the surface mounds are 
extremely shallow resulting in minimal atomic shadowing during film growth. This is consistent 
with XRR and XTEM results showing the films to be fully dense.  
The combined HR-XRD, HR-XTEM, and AFM analyses demonstrate that the ZrN(001) 
layers exhibit high crystalline quality with low mosaicity and a smooth growth surface. TRIM 
simulations [51] show that the range of incident 48 eV Ar+ ions (the predominant species  [52]) 
is ~ 0.6 nm, < 3 ML, while the maximum energy transferred to primary Zr recoils is ≃	  7 eV and 
their range is < 2 ML. The present experiments are carried out with Ji/JZr = 5.7 (see Section 2). 
Thus, the density of overlapping collision cascades and the degree of near-surface atomic mixing 
are high, allowing Ar to efficiently and continuously desorb during film growth leading to low 
compressive growth stresses in these films. The films contain no Ar detectable by Auger 
spectroscopy (detection limit ≃  0.1 at%). The multiple momentum-transfer collisions 
experienced by Zr and N adatoms greatly increases their net mean free paths prior to becoming 
entrapped in the growing crystal, thus suppressing kinetic roughing, and giving rise to the 
observed smooth film surfaces. 
 
3.2.2. ZrN/MgO(001) film optical properties 
Variable-angle spectroscopic ellipsometry is used to determine the ZrN(001) complex 
dielectric function ε(ω) = ε1(ω) + iε2(ω), film reflectivity, and the reflectance edge. Specular film 
reflection coefficients rp(ω) and rs(ω) for p and s polarized light are measured as a function of 
incident photon angles θ! = 50, 60, and 70° for energies ranging 1 to 5 eV. Figures 3.8(a) and 
3.8(b) show the dielectric functions ε1(ω) and ε2(ω) obtained from the complex reflection ratio 
z(ω) = rp(ω)/rs(ω), through the relationship [53]: 
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 ε ω = sin! θ! 1+ tan! θ! 1− z ω1+ z ω ! . (3.6) 
 
Due to the low surface roughness and the metallic nature of the samples, the dielectric functions 
ε(ω) measured at different angles θ! collapse onto a single curve indicating that the ZrN native-
oxide has negligible effect on measured rp(ω) and rs(ω) values.  
 The real part of the dielectric function, Figure 3.7(a), increases monotonically from ε1(ω) 
= -60 at ℏω = 1 eV to 5.8 at ℏω = 5 eV, crossing the abscissa at ℏω!∗ = 3.3 eV, where ω!∗  is the 
screened plasma frequency. The imaginary part, Figure 3.7(b), decreases from ε2(ω) = 12 at ℏω  
= 1 eV to a minimum of 0.90 before increasing with higher photon energies (ℏω > 3.3) to 5.5 at ℏω = 5 eV. Over the energy range 1 < ℏω < 2 eV, variations in the real and imaginary part of the 
dielectric functions obey power-law relationships: ε1 ∝ -ω-2 and ε2 ∝  ω-3, indicating that, in this 
range, intraband electronic transitions dominate the dielectric response [54] of ZrN. 
 The surface-normal reflectivity spectrum R(ω) of ZrN is obtained from the relationship: 
 
 R ω = 1− ε ω1+ ε ω   , (3.7) 
 
and plotted in Figure 3.8. R(ω) decreases slowly from 95% at 1 eV to 90% at 2 eV and more 
rapidly at higher phonon energies, reaching a minimum of 0.04 at ℏωmin = 3.5 eV. The 
reflectance edge, defined as the photon energy at which the reﬂectance equals 0.5, occurs at ℏωe 
= 3.04 eV.  
For metals, the reflectance edge is determined by a competition between intra- and 
interband transitions and can be expressed as: 
 
 ℏω! ∝   ℏ𝜔!ε!     ∝ 𝑛𝑚!∗ε!, (3.8) 
 
where the plasma frequency ωp ∝ 𝑛/𝑚!∗ ; n is the effective optical carrier concentration and m* 
is the effecitve electron mass. ε! is a term which accounts for permittivity changes due to 
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interband transitions [55]. In Group-IVB nitrides, an increase in the ratio n/m* with the 
transition-metal atomic number Z causes ωp and, consequentially, ℏωe to increase from ℏ𝜔! = 
2.3 eV for TiN [55] to 3.04 eV for ZrN (current result). Thus, TiN, with a lower reflectivity in 
the green and blue regions of the visible spectrum, appears more golden than ZrN [56] [69], 
which is a pale yellow. 
  
3.2.3. ZrN/MgO(001) film mechanical properties 
The hardness H and elastic modulus E of epitaxial ZrN(001) layers are determined from 
nanoindentation measurements carried out as described in detail in Ref. [57]. Reported H values 
are averages over nine seperate indentations in each sample with 50 loading/unloading sequences 
per indent. Maximum displacements are less than 77 nm (~9% of the film thickness). At larger 
displacements, substrate effects influence the results giving rise to lower H values due to the 
relatively low hardness of MgO, 9.0±0.3 GPa [2]. For epitaxial ZrN(001), H = 22.7±1.7 GPa is 
obtained.  
The nanoindentation modulus of ZrN(001) is Er = 332±25 GPa. Accounting for 
deformations of the indentor tip through the relationship [58]: 
 
 1E! = 1− ν!!E! + 1− ν!"#!E   , (3.9) 
 
in which Ed = 1140 GPa and νd = 0.07 are the modulus and Poisson ratio of the Berkovich 
diamond tip [59] and νZrN = 0.19 is the ZrN Poisson ratio [38], the ZrN(001) elastic modulus is E 
= 450±25 GPa, similar to values reported for the Group-IVB nitrides TiN and HfN. The elastic 
modulus corresponds to the stress required for elastic deformation and is thus proportional to the 
product of the average bond energy and the density of TM-N bonds. All Group-IVB TM nitrides 
have the NaCl structure, and thus the same bond coordination. Moreover, their cohesive energies 
Ecoh [eV/formula-unit] are similar: Ecoh = 14.34 for TiN [60], 15.04 for ZrN [61], and 15.22 for 
HfN [62]. Thus, it is not surprising that they have approximately the same elastic modulus. 
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3.3.  Conclusions 
High-crystalline-quality stoichiometric epitaxial ZrN films are grown on MgO(001) by 
magnetically-unbalanced reactive magnetron sputtering at 450 oC (Ts/Tm = 0.18) in mixed Ar/N2 
atmospheres with a total pressure of 20 mTorr and a N2 partial pressure of 0.35 mTorr. The 
combination of XRD ω-2θ, HR-RLM, HR-XTEM, SAED, and RBS analyses establish that the 
films are single-phase B1-NaCl-structure stoichiometric ZrN with a cube-on-cube epitaxial 
relationship to the substrate, (001)ZrN||(001)MgO and [100]ZrN||[100]MgO, and a relaxed lattice 
parameter ao = 0.4575 nm. Fundamental electrical, optical, and mechanical properties are 
determined to serve as reference values for polycrystalline ZrN layers. 
X-ray reflectivity and AFM height-difference correlation analyses of 830-nm-thick 
epitaxial ZrN/MgO(001) layers show that the films are fully dense (consistent with HR-XTEM 
results) with smooth surfaces; roughness w = 1.3 nm. Surface height fluctuations are 
characterized by extremely shallow mounds (average aspect ratio = 0.017) and an in-plane 
correlation length of 75±3 nm. The film roughening exponent α = 0.88+0.14 ("hit and stick" 
ballistic aggregation results in α = 1/3) indicates that growth surfaces have relatively well-
defined length scales. The large in-plane and out-of-plane x-ray coherence lengths, ξ|| = 18 nm 
and ξ⊥ = 161, together with the high residual resistivity ratio RRR = 15 (see below), demonstrate 
that the layers are of high crystalline quality with low mosaicity. The high-quality epitaxy at low 
homologous growth temperature is attributed to the use of high-flux, low-energy ion irradiation, 
which generates shallow, strongly overlapping collision cascades resulting in enhanced Zr and N 
adatom mobilities. The dense, near-surface, < 3 ML, collision cascades also give rise to 
continuous detrapping and desorption of incident low-energy Ar+ ions and, hence, low growth 
stresses. 
Epitaxial ZrN is metallic with a room-temperature resistivity ρ300K = 12.0 µΩ-cm, a factor 
of 2-167x lower than previously reported values for polycrystalline films [25,63,64]. The 
temperature coefficient of resistivity between 100 and 300 K, over which electron mobilities are 
limited by phonon scattering, is 5.6x10-8 Ω-cm K-1, similar to that of epitaxial TiN/MgO(001) 
layers [55] with much lower film/substrate lattice misfit (see Table I). At temperatures less than 
30 K, for which defect scattering dominates, the ZrN resistivity remains constant at ρο = 0.78 
µΩ-cm. This corresponds to a residual resistivity ratio, a measure of crystalline quality defined as 
RRR = ρ300K/ρ15K, of 15, nearly an order of magnitude higher than that of polycrystalline ZrN 
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films [63]. The superconducting transition temperature, Tc = 10.4 K, is in good agreement with 
reported values for bulk ZrN crystals [39]. 
Real and imaginary parts of the ZrN(001) dielectric function ε(ω) = ε1(ω) + iε2(ω) are 
determined by variable-angle spectroscopic ellipsometry measurements between 1 and 5 eV. 
Over the range from 1 to 2 eV, the dielectric function of ZrN is dominated by intraband 
transitions and the ZrN reflectance changes slowly from 95% at 1 eV to 90% at 2 eV. Above 2 
eV, the ZrN dielectric response results chiefly from interband transitions. The ZrN reflectance 
edge is 3.04 eV. 
The nanoindentation hardness and modulus of stoichiometric ZrN(001) are H = 22.7±1.7 
GPa and 450±25 GPa.  
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3.5. Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.  (a) HR-XRD ω-2θ scan (the inset is an 002 ω-rocking curve) from an 830-nm-
thick epitaxial ZrN layer grown on MgO(001) by unbalanced reactive magnetron 
sputter deposition at Ts = 450 oC with an incident ion/Zr flux ratio Ji/JZr = 5.7 and 
an ion energy Ei = 48 eV.   
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Figure 3.2.  HR-RLM around the 002 reflection from an 830-nm-thick epitaxial ZrN layer 
grown on MgO(001) by unbalanced reactive magnetron sputter deposition at Ts = 
450 oC with an incident ion/Zr flux ratio Ji/JZr = 5.7 and an ion energy Ei = 48 eV.   
ZrN/MgO(001) 
Ts = 450 oC  
t = 830 nm
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Figure 3.3.  HR-RLM around the 113 reflection from an 830-nm-thick epitaxial ZrN layer 
grown on MgO(001) by unbalanced reactive magnetron sputter deposition at Ts = 
450 oC with an incident ion/Zr flux ratio Ji/JZr = 5.7 and an ion energy Ei = 48 eV.   
ZrN/MgO(001) 
Ts = 450 oC  
t = 830 nm
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Figure 3.4.  (a) HR-XTEM image acquired along the [𝟏𝟏𝟎] zone axis from an 830-nm-thick 
epitaxial ZrN layer grown on MgO(001) by unbalanced reactive magnetron 
sputter deposition at Ts = 450 oC with an incident ion/Zr flux ratio Ji/JZr = 5.7 and 
an ion energy Ei = 48 eV. (b) SAED pattern obtained with the aperture centered 
over the entire film and ≃	  400 nm of the substrate. The lower panel is a simulated 
diffraction pattern corresponding to the SAED region outlined by the white 
triangle.  
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Figure 3.5.  X-ray reflectivity scan (solid black line) from an 830-nm-thick epitaxial ZrN layer 
grown on MgO(001) by unbalanced reactive magnetron sputter deposition at Ts = 
450 oC with an incident ion/Zr flux ratio Ji/JZr = 5.7 and an ion energy Ei = 48 eV. 
Simulated curve (red dashed line) based upon the Fresnel reflectivity formulation 
of Parratt  [40]. 
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Figure 3.6.  (Inset) An AFM image (3x3µm2) of an 830-nm-thick epitaxial ZrN layer grown 
on MgO(001) by unbalanced reactive magnetron sputter deposition at Ts = 450 oC 
with an incident ion/Zr flux ratio Ji/JZr = 5.7 and an ion energy Ei = 48 eV. Square 
root of the height-difference correlation function [G(ρ)]1/2 obtained from an 
analysis of the digital AFM image data. 
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Figure 3.7.  (a) Real ε1 and (b) imaginary ε2 part of the complex dielectric function ε(ω) = 
ε1(ω) + iε2(ω) of epitaxial ZrN grown on MgO(001) by unbalanced reactive 
magnetron sputter deposition at Ts = 450 oC with an incident ion/Zr flux ratio 
Ji/JZr = 5.7 and an ion energy Ei = 48 eV.  
(a)
(b)
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Figure 3.8.  Optical reflectance of epitaxial ZrN grown on MgO(001) by unbalanced reactive 
magnetron sputter deposition at Ts = 450 oC with an incident ion/Zr flux ratio 
Ji/JZr = 5.7 and an ion energy Ei = 48 eV. 
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4. CHAPTER 4 
ELECTRON/PHONON COUPLING IN  
GROUP-IV TRANSITION-METAL AND RARE-EARTH NITRIDES  
 
 
4.1. Introduction 
Superconductivity, the ability to conduct electrons without resistance, occurs in a variety 
of materials. One of the earliest conventional superconductors discovered to have a relatively 
high transition temperature (Tc) is the Group-V NaCl-structure transition-metal (TM) nitride 
NbN with Tc = 16 K [1]. Since then, conventional superconductors have found a broad range of 
device applications including microresonator detectors [2,3], waveguide resonators [4], 
accelerator cavities [5], coil magnets [6], qubit computing [7], Josephson junctions in quantum 
interference devices [8], hot electron bolometers [9], single-photon detectors [10], and THz 
mixers [11]. 
Recently, there has been increased interest in Group-IV TM nitrides [12–15]. Here, we 
present a systematic investigation of the transport Eliashberg coupling function αtr2F(ℏω), an 
energy-resolved measure of the electron/phonon coupling strength αtr2(ℏω) and the phonon 
density-of-states F(ℏω), for the epitaxial TM nitrides TiN, ZrN, and HfN, as well as the Group-
IV rare-earth (RE) nitride CeN. Apart from a geometric factor which favors backscattered 
electrons [15], the transport Eliashberg function contains, together with the Coulomb 
pseudopotential µ* [16], all information pertaining to phonon-mediated superconductivity. As a 
result, properties such as temperature- and frequency-dependent energy gaps are readily acquired 
from αtr2F(ℏω) through the Eliashberg gap equations [17,18]. 
αtr2F(ℏω) is obtained from an inversion procedure based on temperature-dependent 
resistivity measurements, between 4 and 300 K, of high-crystalline-quality stoichiometric 
epitaxial TiN, ZrN, HfN, and CeN layers grown on MgO(001). For all compounds, the coupling 
strength αtr2F(ℏω) is determined to be approximately uniform over energy ℏω, indicating that 
αtr2F(ℏω) effectively probes the phonon density-of-states. This is, to our knowledge, the first 
experimental determination of α2F(ℏω) for TiN, HfN, and CeN. 
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4.2. Results 
Temperature-dependent resistivities ρ(T) between 4 and 300 K are plotted in Figure 4.1. 
Room-temperature resistivity ρ300K values are 12.9 (TiN), 12.0 (ZrN), 14.2 (HfN), and 69 µΩ-cm 
(CeN); all essentially equal to, or better, than corresponding values for bulk crystals: 11.07 
(TiN), 11.52 (ZrN), and 33 µΩ-cm (HfN) [19,20]. We are unaware of published results for bulk 
CeN. ρ300K values for polycrystalline films are typically ~ 2 to 106 times higher; ρ300K for 
polycrystalline TiN ranges from 20 to 200 µΩ-cm [21,22], polycrystalline ZrN from 23 to 2000 
µΩ-cm [23–25], polycrystalline HfN from 225 to 800 µΩ-cm [26], and polycrystalline CeN from 
460 to > 2x108 µΩ-cm [27–29]. The low resistivity values of our epitaxial films are an additional 
indicator of high structural quality.  
The resistivity of all films increases approximately linearly with temperature between 
100 and 300 K, indicating metallic conduction with a carrier mobility that is controlled by 
phonon scattering. Over this range, the temperature coefficients of resistivity, defined as TCR = 
(ρ300K - ρ100K)/ΔT, are 5.0×10-8 for TiN, 5.6×10-8 for ZrN, 4.0×10-8 for HfN, and 16.0×10-8 Ω-cm 
K-1 for CeN.  
At temperatures T below 30 K, phonon scattering is negligible and the resistivity is 
primarily determined by defect and impurity scattering. Figure 4.1 shows that ρ(T) for the four 
nitrides saturates at residual resistivities ρo = 2.08 (TiN), 0.78 (ZrN), 3.5 (HfN), and 29 µΩ-cm 
(CeN). In metallic conductors, the residual resistivity ratio RRR = ρ300K/ρo is used as a metric of 
crystalline quality. For the Group-IV nitrides under investigation, RRR values are relatively 
high: 6.2 (TiN), 15 (ZrN), 4 (HfN), and 2.4 (CeN). As a result, scattering events are independent 
and the resistivity over the entire measured temperature range is described by Matthiessen’s rule 
ρ(T) = ρo + ρph(T), in which ρph(T) is the phonon-scattering contribution to resistivity. 
Within the relaxation time approximation, ρph(T) can be expressed as [30] 
 
 ρ!" T = 4πω!! τ = m∗ne! τ . (4.1) 
 
ωp is the unscreened plasma frequency and n, e, and m* are the electron concentration, charge, 
and effective mass. The rate τ !! at which electrons scatter from phonons is given by [31]: 
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 τ !! = π   ℏωk!T csch! ℏω2k!T α!"! ℏω F ℏω dℏω  ,ℏ!!"#  !  (4.2) 
 
in which kB is the Boltzmann constant, αtr2(ℏω) is the square of the transport electron/phonon 
coupling function, F(ℏω) is the phonon density-of-states, and ℏωmax is the energy of the highest 
phonon mode. The product α!"! (ℏω)F(ℏω) is the transport Eliashberg spectral function [32]. 
 In the high-temperature limit (θD/T << 10; the Debye temperature θD for metal nitrides 
ranges from 400 to 600 K [20]), scattering is elastic [18] and the scattering rate reduces to [16] 
 
 τ !! = 2πk!Tℏ λ!"  . (4.3) 
   
Thus, ρ increases linearly with temperature T at a rate proportional to the transport 
electron/phonon coupling parameter λtr 1  and inversely proportional to the square of the 
unscreened plasma frequency ωp (see Eq. 4.1). In order to determine λtr, the plasma frequency ωp 
is obtained from first principles density functional theory (DFT) band-structure calculations [33] 
by integrating v(k), the group velocity of electrons at state k, over the Brillouin zone using the 
relationship [34] 
 
 ω!! = e!π! dk  ∇!v k   f(k), (4.4) 
 
in which f k  is the Fermi-Dirac occupation probability function.  
 For the Group-IV TM nitrides, we obtain ωp values which increase with the cation atomic 
number Z from 7.7 for TiN to 8.9 for ZrN and 9.1 eV for HfN; for the rare-earth (RE) nitride 
CeN, ωp = 3.3 eV, less than half the average ωp value of TM nitride. The transport 
                                                
1 λtr differs from the McMillian electron/phonon coupling parameter λ by the weighted geometric 
factor (1 – cosθ), in which cos θ = 𝐤 ∙ 𝐤!/|𝐤||𝐤′| and θ is the angle formed by the electron wave 
vector prior k and subsequent k' to scattering [15,40]. C. Poole et al. [40] conclude, "the 
difference is typically no more than 15%, and never as much as a factor of 2. " 
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electron/phonon coupling parameters λtr are obtained from Eqs. 4.1 and 4.3, combined with the 
measured TCR values, as 0.73 (TiN), 1.11 (ZrN), 0.82 (HfN), and 0.44 (CeN). The small 
variation in λtr among the TM nitrides and the weak coupling in CeN are consistent with 
superconducting transition temperatures which range from 10.4 K for ZrN to 9.18 K for HfN and 
5.35 K for TiN; superconductivity is not observed above 4 K for CeN. 
 The transport Eliashberg spectral functions for TiN, ZrN, HfN, and CeN are developed by 
first discretizing the integral in Eq. 4.2 into a geometric series of superimposed Einstein 
modes [35], 
 
 ρ!" T = 4πm∗ne! α!F ℏω! x!e!!e!! − 1 !!   , (4.5) 
 
in which xk  = ℏωk/kBT, and fitting ρ(T) to Matthiessen’s rule using the largest number of 
Einstein components at spacings ωk-1/ωk which preserve convergence stability, ωk-1/ωk ≥ 1.57. 
The procedure is illustrated graphically in Figure 4.2, which shows the ZrN temperature-
dependent resistivity ρ(T) between 10 and 300 K multiplied by a factor of 1/T (dotted red curve) 
in order to highlight resistivity contributions due to defect and phonon scattering. The 
normalized residual-resistivity ρo/T (dashed black line) simply decays as 1/T, while normalized 
Einstein components, corresponding to electron/phonon scattering, increase with temperature 
(black solid lines). Multiple Einstein modes are necessary to reproduce the experimental ρ(T) 
curve. The calculated normalized temperature-dependent resistivity, which includes the 
normalized residual resistivity ρo/T and normalized phonon contributions from each of the 
Einstein modes, is plotted in Figure 4.2a as the orange solid line. Residuals R from a typical ρ(T) 
fit for ZrN are shown in Figure 4.2b; the agreement is excellent to within experimental 
uncertainty.  
 Transport Eliashberg spectral functions αtr2F(ℏω) are generated from 200 fits, including 
the orange ρ(Τ)/Τ curve shown in Figure 4.2, which consist of approximately ten Einstein modes 
each using different starting values for ℏω1, the energy of the first Einstein mode. The energies 
of the remaining modes, for a particular fit, are defined by ℏω1 following the stability criteria ωk-
1/ωk = 1.57. Each Einstein mode contributes a discrete point, with coordinates specified by the 
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mode's amplitude and energy, to the spectral function. As a result, 200 fits, with ten Einstein 
modes each, yield 2,000 data points, thus resulting in a transport spectral function curve which is 
quasi-continuous. αtr2F(ℏω) for TiN, ZrN, HfN, and CeN, obtained as described above, are 
plotted in Figure 4.3 as a function of vibrational energy ℏω. The intensity of αtr2F(ℏω) at a given 
energy ℏω corresponds to the population of phonon modes at that energy weighted by αtr2(ℏω), 
the square of their interaction strengths with electrons.  
 The CeN transport Eliashberg spectral function αtr2F(ℏω) exhibits features centered at 
21±2 and 40±3 meV, indicating that electrons in CeN scatter primarily from two groups of 
phonons. The lower-energy peak stems from electron/acoustic-phonon scattering and the higher-
energy peak from electron/optical-phonon scattering. While this is the first experimental report 
of phonon behavior in CeN, DFT calculations [36] indicate that peaks in F(ℏω), corresponding 
to acoustic and optical phonon modes, occur at 21 and 39 meV, in excellent agreement with the 
two features observed here.  
The ZrN and HfN transport Eliashberg spectral functions also exhibit two features each, 
corresponding to acoustic and optical phonon scattering. For HfN, the peaks are centered at 
energies ℏωac = 18±2 and ℏωop = 64±6 meV; for ZrN, at ℏωac = 25±2 and ℏωop = 60±6 meV. 
These results are consistent with vibrational energies obtained from ZrN and HfN Raman 
spectroscopy (ℏωac = 21 and ℏωop = 62 meV for ZrN [43] and ℏωac = 17 and ℏωop = 65 meV for 
HfN [44]) as well as from neutron scattering measurements (ℏωac = 25 and ℏωop = 65 meV for 
ZrN [45] and ℏωac = 18 and ℏωop = 62 meV for HfN [46]). 
For TiN, we obtain a single broad feature centered at ~42 meV, which is well fit with two 
Gaussian functions yielding a low-energy peak at ℏωac = 33±5 meV and a higher-energy peak at 
ℏωop = 57±13 meV. These findings are in reasonable agreement with those from Raman 
measurements [37], for which ℏωac = 32 and ℏωop = 68 meV [48], and neutron scattering 
experiments, ℏωac = 37 and ℏωop = 74 meV [49]. 
In binary compounds, each atom within the primitive unit cell contributes three phonon 
modes (one for each degree of freedom) to the phonon density-of-states F(ℏω) such that the total 
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density of normal modes, for a large number N of unit cells, is 6N. Compounds composed of 
atoms with significant mass differences exhibit two groups of phonons: the lower-energy group 
corresponds to acoustic phonon modes and the higher-energy group to optical phonon modes. 
The acoustic-mode energy is primarily determined by the mass of the heavier element. For 
longitudinal modes at the [001] zone boundaries, where van Hove singularities give rise to a 
large contribution to F(ℏω) [38], the acoustic phonon energy ℏωac = ℏ(2C/mMe)1/2, in which mMe 
is the mass of the metal atom and C is a material-dependent interatomic force constant [39]. The 
softening of αtr2F(ℏω) acoustic modes in Figure 4.3 from TiN to ZrN to CeN to HfN, and the 
corresponding increase in the energy separation between acoustic and optic mode positions, 
results primarily from increases in the cation atomic mass: mTi = 47.9, mZr = 91.2, mCe = 140.1, 
and mHf = 178.5 amu. 
The energy of the optical mode, ℏωop = ℏ(2C/mN)1/2, is governed by the mass of the 
lighter element (mN = 14 amu). For the TM nitrides, we obtain interatomic force constants C 
which are within 25% of each other: C = 87 (TiN), 97 (ZrN), and 110 N-m-1 (HfN). For the RE 
nitride CeN, however, C = 41 N-m-1, less than half the average TM nitride C value, 96 N-m-1. 
This is consistent with the fact that the cohesive energy Ecoh of CeN, 12.81 eV/formula-unit [40], 
is significantly less than that of the TM nitrides: 14.34 for TiN [41], 15.04 for ZrN [42], and 
15.22 eV/formula-unit for HfN [43].  
Measured optical/acoustic αtr2F(ℏω) peak intensitiy ratios Iop/Iac are 1.2±0.1 (TiN), 
1.12±0.05 (ZrN), 1.11±0.05 (HfN), and 1.18±0.05 (CeN). Tunneling spectroscopy 
measurements [12] and ab initio α2F(ℏω) calculations [15] for ZrN are in good agreement with 
Iop/Iac = 1.25. For binary compounds with equal acoustic and optical phonon densities and an 
energy-independent coupling strength αtr2F(ℏω), Iop/Iac = 1. The proximity of our measured Iop/Iac 
ratios to unity demonstrates that αtr2(ℏω) is approximately constant over ℏω; thus, the transport 
Eliashberg spectral function provides, for the compounds investigated here, an effective 
measurement of the phonon density-of-states. 
 
4.3. Conclusions 
 Transport electron/phonon coupling parameters λtr and Eliashberg spectral functions 
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αtr2F(ℏω) are determined for stoichiometric epitaxial Group-IV TM nitrides TiN, ZrN, and HfN 
and the RE nitride CeN using an inversion procedure based upon temperature-dependent 
resistivity measurements (4 ≤ T ≤ 300 K). We find that the coupling parameter is largest for ZrN 
(λtr = 1.11), which exhibits the highest superconducting transition temperature Tc = 10.4 K, and 
smallest for CeN (λtr = 0.44), which is not superconducting above 4 K. For HfN (Tc = 9.18 K) 
and TiN (Tc = 5.35 K), λtr is 0.82 and 0.73. αtr2F(ℏω) vs. ℏω results for all compounds 
investigated indicate that the electron/phonon coupling strength αtr2(ℏω) is distributed 
approximately uniformly over energy ℏω and thus the Group-IV nitride transport Eliashberg 
spectral functions provide an effective measure of the phonon density-of-states. The acoustic 
phonon modes soften monotonically with increasing cation mass from 33±5 (TiN) to 25±2 (ZrN) 
to 21±2 (CeN) to 18 meV (HfN). The spectral αtr2F(ℏω) peaks corresponding to optical modes in 
the Group-IV TM nitrides remain constant at ~60 meV (57±13 for TiN, 60±6 for ZrN, and 64±6 
meV for HfN) and decrease to 40±3 meV for the Group-IV RE nitride CeN, reflecting a lower 
bond strength. 
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4.5.  Figures 
 
 
 
 
 
 
Figure 4.1.  Temperature-dependent resistivity ρ(T) of single-crystal TiN, ZrN, HfN, and CeN layers 
grown on MgO(001) by magnetically-unbalanced reactive magnetron sputtering. TiN 
data from Ref. [44], ZrN from Ref. [45], HfN from Ref. [46], and CeN from Ref. [47]. 
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Figure 4.2.  (a) Measured temperature-dependent resistivity ρ(T) of epitaxial ZrN/MgO(001) 
multiplied by a factor of 1/T (red dotted line) to highlight contributions due to defect 
and phonon scattering. The black dashed line is the normalized residual resistivity, ρo/T. 
Each solid black line corresponds to a normalized Einstein mode of known amplitude 
and energy. The solid orange curve is the calculated total normalized ZrN resistivity 
ρ(T)/T, for which ρ(T) = ρo + ρph(T). (b) Residuals R, the difference between measured 
and calculated resistivities, as a function of temperature T.  
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Figure 4.3.  Transport Eliashberg spectral functions αtr2F(ℏω), obtained from temperature-dependent 
(4 ≤ T ≤ 300 K) resistivity measurements using an inversion procedure, for single-
crystal TiN, ZrN, CeN, and HfN layers grown on MgO(001) substrates. The TiN 
spectrum is fit with two Gaussian functions (dashed lines). The lower-energy peak in 
each spectrum arises from electron/acoustic-phonon coupling while the higher-energy 
peak is from electron/optical-phonon coupling. 
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5. CHAPTER 5 
ELASTIC CONSTANTS, POISSON RATIOS, AND THE  
ELASTIC ANISOTROPY  OF VN EPITAXIAL LAYERS GROWN  
BY REACTIVE MAGNETRON SPUTTER DEPOSITION 
 
5.1. Introduction 
NaCl-structure δ-VNx has an extended single-phase field with x ranging from 0.8 to 1.0 
at Ts = 500 oC [1]. Polycrystalline VNx thin films are employed in a variety of applications, 
including diffusion barriers in microelectronic devices [2,3], anodes in rechargeable lithium ion 
batteries [4], and hard wear-, abrasion-, and scratch-resistant coatings [5]. The wide range of 
VNx applications stems not only from high hardness [6–8] and mechanical strength [6], but also 
from the enhanced physical properties achieved with VN-based nanostructures and alloys. 
Epitaxial TiN/VN(001) superlattices were the first man-made superhard (defined as H > 40 
GPa  [9,10]) materials with a hardness, depending on bilayer thickness, of up to H = 54 GPa, 
which exceeds the hardnesses of the two parent compounds by more than a factor of two (HTiN = 
22 GPa and HVN = 15.9 GPa) [11]. VN-based solid solutions TiAlVN and CrAlVN [12], as well 
as TiAlN/VN superlattices [13], exhibit enhanced high-temperature (T > 600 oC) wear-resistance 
due to the formation of a lubricious oxide, V2O5, which, as a result of a low melting point (Tm = 
690 oC), liquefies during wear applications, thus decreasing the friction coefficient [12]. 
Recently, alloys of VN with cubic MoN or WN were predicted to provide higher hardness and 
ductility (i.e., higher toughness) than VN [14,15]; a result which has been confirmed 
experimentally for VMoN alloys by Kindlund et al. [16]. 
Despite extensive engineering applications, studies of the VN elastic constants are scarce, 
with reported experimental elastic constants, obtained using acoustic microscopy [17,18], and 
theoretical results based on density functional theory [19,20], differing by up to ~150 GPa 
(~30%).  
Here, we determine VN elastic constants using sub-picosecond ultrasonic optical 
pump/probe measurements, carried out on single-crystal stoichiometric VN(001), VN(011), and 
VN(111) thin films. The VN layers are grown by magnetically-unbalanced reactive magnetron 
sputter deposition on 001-, 011-, and 111-oriented single-crystal MgO substrates at Ts = 430 °C 
(Ts/Tm = 0.30, in which the VN melting point Tm is 2350 K [21]). X-ray diffraction (XRD) ω-2θ 
and φ scans, with selected area electron diffraction (SAED) and high-resolution cross-section 
 86 
 
transmission electron microscopy (HR-XTEM) analyses, establish that VN films grow fully-
relaxed with film/substrate epitaxial relationships: (001)VN||(001)MgO and [100]VN||[100]MgO; 
(011)VN||(011)MgO and [101]VN||[101]MgO; and (111)VN||(111)MgO and [111]VN||[111]MgO. The VN 
relaxed lattice parameter ao = 0.4134±0.0004 nm, obtained from high-resolution reciprocal lattice 
maps (HR-RLM), is in good agreement with reported values for bulk crystals, ao = 0.4134 
nm  [22,23].  
 
5.2.  Results 
5.2.1. VN/MgO(001) film nanostructure 
Initial film growth experiments, with deposition temperatures Ts between 160 and 460 
oC, were carried out to determine the Ts range which yields stoichiometric epitaxial VN layers. 
XRD ω-2θ, glancing-angle, and azimuthal φ-scans reveal that all films are single-phase B1 
NaCl-structure VNx, for which RBS results show that the N/V ratio decreases monotonically 
from 1.36 with Ts = 160 °C to 0.88 at 460 °C due to an increasing rate of associative N2 
desorption at elevated temperatures [24]. Stoichiometric VN films with N/V = 1.00±0.05 are 
obtained with Ts = 430 oC (Ts/Tm = 0.3). The VN mass density determined from the combination 
of RBS areal density and XTEM thickness measurements, ρ = 6.1 g/cm3, is in good agreement 
with reported values for bulk VN [25]. All VN films discussed below are grown at 430 oC. 
Typical XRD ω-2θ scans from VN films grown on 001-, 011-, and 111-oriented MgO 
substrates are plotted in Figures 1(a)–1(c) as a function of 2θ between 10 and 110°. ω-2θ scans 
from VN/MgO(001), Fig. 5.1(a), exhibit two sets of peaks. Those at 42.86 and 94.01° 2θ arise 
from 002 and 004 MgO reflections, whereas the peaks at 43.68 and 96.18o 2θ correspond to 002 
and 004 VN reflections. ω-2θ scans from VN/MgO(011), Fig. 5.1(b), contain one set of 
reflections, with peaks at 62.29 and 63.59o 2θ assigned to MgO 022 and VN 022. Two pairs of 
peaks are present in ω-2θ scans from VN/MgO(111), Fig. 5.1(c): 111 and 222 reflections from 
the MgO substrate, at 36.95 and 78.64o, and 37.70 and 80.49o from VN. All VN reflections are 
symmetric about the 2θ axis. 
HR-RLMs about symmetric 002, 022, and 222 film reflections are measured to assess the 
mosaicity of VN(001), VN(011), and VN(111) overlayers. Figure 5.5.2 shows a typical map for 
VN/MgO(001), in which the diffracted intensities are represented by logarithmically-spaced 
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isointensity contours as a function of reciprocal lattice vectors k|| parallel and k⊥ perpendicular to 
the surface. k|| and k⊥ are related to the peak positions in ω–2θ space by [26,27]: 
 
 k||=2rE sin θ cos ω-θ  (5.1a) 
and 
 k⊥=2rE sin θ sin ω-θ , (5.1b) 
 
in which rE = 1/λ is the Ewald sphere radius and λ = 0.154180 nm.  
VN(001) in-plane ξ|| and out-of-plane ξ⊥ structural x-ray coherence lengths, 
corresponding to the average size of mosaic domains which coherently scatter x-rays [28], are 
determined from the widths of the film reflections parallel Δg|| and perpendicular Δg⊥ to the 
diffraction vector g [29]: 
 
 
ξ∥=
2π
Δg||
=
λ
2Γω sin θ
  
(5.2a) 
and 
 
ξ⊥=
2π
Δg⊥
=
λ
Γ2θ cos θ
 . 
(5.2b) 
 
Γω and Γ2θ are the FWHM intensities of the 002 VN reflection in the ω and 2θ directions. 
Correcting Γω and Γ2θ for instrument broadening, via Gaussian deconvolution [30], yields 
VN/MgO(001) XRD coherence lengths ξ|| = 57 and ξ⊥ = 159 nm. Out-of-plane coherence lengths 
depend, in addition to structural quality, on layer thicknesses. The value we obtain for VN(001) 
is in good agreement with that reported, ξ⊥ = 142 nm, for 260-nm-thick epitaxial TiN/MgO(001) 
films which were also grown at Ts/Tm = 0.30 [27]. In-plane x-ray coherence lengths for epitaxial 
transition-metal nitride films grown on MgO(001) range from ξ|| = 15 nm for ScN [31,32] to ξ|| = 
86 nm for TiN [27]. The ξ|| values we obtain for VN/MgO(001) indicate that the films are of 
high-crystalline quality with low mosaicity. In-plane VN/MgO(011) x-ray coherence lengths are 
determined from 022 reflections as 59 nm, essentially equal to ξ|| for VN(001). For 
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VN/MgO(111), ξ|| is obtained from the 222 reflection as 43 nm. We attribute the higher ξ|| values 
of 001- and 011-oriented VN films to the inherently smoother surface finish of 001- and 011-
oriented MgO substrates. Annealed polar MgO(111) surfaces develop triangular facets with 
exposed vicinal planes [33]. 
XRD {111} pole figures from VN overlayers grown on MgO(001), MgO(011), and 
MgO(111) are plotted in Figures 5.3(a)–5.3(c) as stereographic projections over azimuthal angles 
ψ = 0 – 85o and rotational angles φ = 0 – 360o. Diffracted intensities are represented by 
logarithmic isointensity contours. {111} maps from VN(001) [Fig. 5.3(a)] exhibit four peaks, 
separated by 90o in φ and tilted ψ = 54.74o from the surface normal, corresponding to the 111, 
111, 111, and 111 reflections. Pole figures from VN(011) [Fig. 5.3(b)] exhibit two peaks, 180o-
apart in φ and tilted by ψ = 35.26o, arrising from 111 and 111 lattice planes. VN(111) pole 
figures [Fig. 5.3(c)] contain four peaks: one at the surface normal (ψ = 0o) and three, seperated 
by φ = 120o, at ψ = 70.53o. The high-angle triplet stems from off-axis 111, 111, and 111 
reflections.  
Typical XRD φ-scans from VN/MgO(001), collected with ω and 2θ angles set to detect 
{022} film and substrate peaks, are plotted in Figure 5.4. The scans show four 90°-rotated 220 
peaks at identical angles for both VN and MgO. The combination of the XRD ω-2θ, pole figures, 
and φ scans establish that VN(001) layers grow epitaxially with a cube-on-cube orientational 
relationship with respect to the MgO(001) substrate: (001)VN||(001)MgO and [100]VN||[100]MgO. 
Similar analyses for VN/MgO(011) and VN/MgO(111) reveal the following orientational 
relationships: (011)VN||(011)MgO with [100]VN||[100]MgO and (111)VN||(111)MgO with 
[110]VN||[110]MgO.  
The relaxed VN lattice constant ao and residual film strains are determined from 
asymmetric HR-RLMs. Figure 5.5 shows a typical HR-RLM about the 113 reflection from 
VN/MgO(001). The film and substrate peaks are misaligned along k||, indicating VN overlayer 
relaxation. For (001), (011), and (111)-oriented NaCl-structure samples with surface-normal unit 
vectors 𝐧 = [001], [011]/ 2, and [111]/ 3, the in-plane a|| and out-of-plane a⊥ lattice parameters 
are related to the reciprocal lattice vectors by the relationships: 
 
 a||=| g- gn n |/k||   (5.3a) 
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and  
a⊥= gn /k⊥.  
 
 
(5.3b) 
 is the vector dot product and |||| denotes the vector length. From Eqs. 5.3, the VN(001) in-plane 
lattice parameter a|| = 2/k|| = 0.4122 nm and the out-of-plane lattice parameter a⊥ = 3/k⊥ = 
0.4136 nm. In-plane and out-of-plane lattice parameters of VN overlayers grown on MgO(011) 
are determined from the asymmetric 311 reflection as a|| = 3/k|| = 0.4124 and a⊥ = 2/k⊥ = 
0.4136 nm. For VN/MgO(111), the 311 reflection yields a|| = 2 2/k|| = 0.4123 and a⊥ = 3/k⊥ = 
0.4136 nm.  
The relaxed VN lattice parameter ao is determined for VN films grown on each of the 
three orientation from a|| and a⊥ through the relationship 
 
 
ao=a⊥ 1-
2ν a⊥-a||
a|| 1+ν
,  
 
(5.4) 
in which ν is the corresponding anisotropic VN Poisson ratio obtained in Section 3B. 
Substituting ν and appropriate a|| and a⊥ values into Eq. 5.4 yields ao = 0.4134±0.0004 nm, which 
is in excellent agreement with published values for bulk VN, 0.4134 nm [22,23]. All films are 
found to be fully relaxed at the growth temperature with small compressive strains ε|| = (a||/ao - 1) 
of -0.0026 due to differential thermal contraction upon cooling to room temperature. The thermal 
expansion coefficient for MgO and VN are αMgO = 13×10-6 [34] and VN αVN = 9.7×10-6 K-1 [35]. 
Figure 5.6(a) is a [100] zone-axis bright-field XTEM image from a VN/MgO(001) layer; 
a corresponding SAED pattern is shown in Figure 5.6(b). The only contrast in the XTEM image 
is due to bend contours arising from the thin TEM foil. The SAED pattern, acquired with the 
aperture sampling the entire 300-nm-thick film and ~200 nm of the substrate, contains only 
single-crystal reflections from VN and MgO. Due to the small film/substrate lattice mismatch (m 
< 0.02), VN and MgO reflections appear superimposed in agreement with the simulated 
diffraction pattern index, Figure 5.6(c), obtained using the experimental camera length [36].  
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A high-resolution cross-sectional Z-contrast STEM image showing the film/substrate 
interface is presented in Figure 5.6(d). The lighter contrast of the VN film compared to the MgO 
substrate results from the mass difference between V (50.94 amu) and Mg (24.30 amu). The 
interface is sharp with width w = 0.5 nm, corresponding to approximately one unit cell (ao = 
0.4134 nm). Well-defined VN lattice fringes spaced 0.413 nm apart extend parallel and 
perpendicular to the film-substrate interface in agreement with XRD measurements. Across the 
interface, the lattice fringes are continuous, once again revealing the epitaxial nature of the 
overlayer. 
 
5.2.2. VN elastic constants  
Longitudinal sound velocities along [001], [011], and [111] directions are determined 
using sub-picosecond ultrasonic optical pump/probe techniques. Figure 5.7 is a typical plot 
showing surface reflectivity changes ΔR as a function of the time delay t between pump and 
probe pulses for a blanket-Al coated VN(001) sample. ΔR exhibits an initial rapid rise, due to 
local heating by the 0.5 ps pump laser pulse, followed by a slow decay. Superimposed on the 
decay are small positive and negative peaks at times corresponding to the arrival at the surface of 
acoustic pulse echoes. Positive (negative) changes in ΔR occur for pulses which undergo phase 
shifts of π (zero) due to reflection from an interface with a region of lower (higher) acoustic 
impedance Z [37]. This is illustrated schematically in the inset of Figure 5.7 for acoustic pulses 
reflected from both the Al/VN and VN/MgO interfaces. Since Z increases from air (ZAt = 410 N-
s/m3) to Al (ZAl = 1.73×107 N-s/m3 [38]) to MgO (ZMgO = 3.31×107 N-s/m3 [39]) to VN [ZVN =  
6.0×107 N-s/m3), pulses reflected from the Al/VN, VN/MgO, and air/Al interfaces have phase 
shifts of zero, π, and zero, respectively. Hence, the signs of successive acoustic pulse echoes are 
determined by the interfacial boundary conditions. 
The time interval Δt between adjacent peaks represented by upward and downward 
facing solid triangles in Figure 5.7 is constant and corresponds to the time ΔtAl required for the 
acoustic pulse to traverse the Al layer twice. Correspondingly, the time ΔtVN between the peaks 
labeled with the first set of solid and open triangles is the time required for the pulse to travel 
twice through the VN(001) layer. The 001 VN longitudinal sound velocity v001 is obtained from 
the relationship v = 2hVN/ΔtVN, in which hVN = 300 nm, as v001 = 9.8±0.3 km/s. VN longitudinal 
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sound velocities along the [011] and [111] directions are found to be v011 = 9.1±0.3 and v111 = 
9.1±0.3 km/s. 
In cubic materials, sound velocities in the [001], [011], and [111] directions are a 
function of the c11 elastic constant and mass density ρ through the equations [40,41]:  
 
 v001= c11/ρ (5.5a) 
 v011= (c11+c12+2c44)/2ρ (5.5b) 
 v111= (c11+2c12+4c44)/3ρ (5.5c) 
 
Here, we have measured the three sound velocities and the mass density of VN; thus, the set of 
homogenous equations are overdetermined. Solving Eqs. 5.5(a)–5.5(c) yields c11 = 585±30 GPa. 
Reported VN c11 values from line-focus acoustic microscopy and density functional theory 
calculations are 533 GPa [42] and 680 GPa [20]. The lower c11 values obtained in Ref. [42] are 
likely due to understoichiometry since the layers were grown by reactive magnetron sputtering at 
Ts = 700 oC (vs. 430 °C in the present experiments) for which increased N2 desorption rates from 
the growth surface yield nitrogen deficient films as discussed in Section 3A.  
Figure 5.8 is a plot of ΔR, as a function of the time delay t between laser pump and probe 
pulses, for a SAW propagating along the [010] direction on a VN(001) surface. The ΔR 
amplitudes are small (of the order of 10-5) compared to the initial increase in ΔR due to heating 
by the pump pulse. The SAW velocity is vSAW = Λ/τSAW, in which Λ = 700 nm is the wavelength 
of the phase-shift mask and τSAW is the period of surface acoustic wave. For the results shown in 
Fig. 5.8, τSAW = 158.4 ps and vSAW = 4420±45 m/s. Kim et al. [43] reported vSAW values for 
VN(001) as a function of the effective film thickness h* = h/Λ. However, the films were rather 
thin, 0.01 < h < 0.12, and SAW velocties obtained from such thin layers vary with film thickness 
since the surface wave penetrates significantly into the substrate. In the present experiments, 
much shorter SAW wavelengths are used. Thus, the effective thickness of our VN layer is h* = 
0.43, for which there is no significant substrate effect.  
We obtain the VN c44 elastic constant using a numerical Green’s function method for 
describing SAW velocities in layered structures [44]. To simulate vsaw, eight parameters are 
required: the elastic constants of MgO (c11 = 299.8, c12 = 99.1, and c44 = 157.5 GPa [17]), the VN 
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c11 elastic constant (585 GPa), and the mass density ρ of VN (ρVN = 6.1 g/cm3) and MgO (ρMgO = 
3.58 g/cm3). Two of the parameters, the VN c12 and c44 elastic constants, are unknown; however, 
the SAW velocity vSAW is only sensitive to c44 (the vSAW sensitivities to c12 and c44 are -0.01 and 
0.25). This reduces the SAW propagation velocity to a function of a single parameter, vcalc(c44). 
To obtain c44, we estimate c44, compute vcalc(c44), compare vcalc(c44) to our measured vSAW value, 
input a new estimate for c44, and continue this iterative procedure until we obtain agreement 
between the calculated and measured SAW propagation velocities. The result is c44 = 126±3 GPa 
and, from Eqs. 5.5(b) and 5.5(c), the remaining VN elastic constant c12 is 178±33 GPa.  
The VN elastic constants are compared to more commonly reported isotropic moduli 
values obtained from polycrystalline bulk samples following the Voigt-Reuss-Hill approach [46]. 
Polycrystalline shear moduli Gpoly are bound by the Voigt isostrain shear modulus GV = (c11 - 
c12+3c44)/5 [47] and the Reuss isostress shear modulus GR =5/(4s11 - 4s12 +3s44) [48], in which 
the elastic compliance [s]ij = [c]ij-1, so that the Voigt-Reuss-Hill shear modulus GVRH = 
(GV+GR)/2 ~ Gpoly. Similarly, polycrystalline elastic moduli values Epoly are approximated by the 
Voigt-Reuss-Hill elastic modulus EVRH = (EV+ER)/2, for which the Voigt/Reuss elastic modulus 
EV,R = 9KGV,R/(3K+GV,R) and the bulk modulus KVRH = KV = KR = (3c11+6c12)/9. From the three 
independent VN elastic constants (c11, c12, and c44) obtained here, EVRH = 393 and KVRH = 313 
GPa, in reasonable agreement with published VN modulus values Epoly = 357 GPa [25] and Kpoly 
= 267 [49] and 300±6 GPa [50] from bulk polycrystalline samples.  
The isotropic VN Poisson ratio, defined as ν = [EVRH/(2GVRH) – 1], is 0.29. Non-isotropic 
Poisson ratios obtained through the relationships [51,52]: 
 
 ν001 =
c12
c11+c12
  
ν011 = 
c11+2c11-2c44
2(c11+2c12+c44)
  
ν111=
c112 +c11c12-2c122 -2c11c44+8c12c44
3(c112 +c11c12-2c122 +2c11c44)
, 
(5.6a) 
 
(5.6b) 
 
(5.6c) 
 
are ν001 = 0.23, ν011 = 0.32, and ν111 = 0.30 and used in Section 3A to determine relaxed VN 
lattice parameters from HR-RLM measurements. The VN elastic anisotropy A = 2c44/(c11-c12) = 
0.62. 
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5.3.  Conclusions 
 Fully-dense stoichiometric VN films are grown at Ts = 430 oC by magnetically-unbalanced 
reactive magnetron sputter deposition onto 001-, 011-, and 111-oriented MgO substrates. The 
combination of XRD ω-2θ, φ-scans, and pole figures, together with SAED and XTEM analyses 
show that VN(001), VN(011), and VN(111) overlayers are NaCl-structure single-crystals with 
film substrate orientation relationships: (001)VN||(001)MgO with [100]VN||[100]MgO, 
(011)VN||(011)MgO with [100]VN||[100]MgO, and (111)VN||(111)MgO with [110]VN||[110]MgO. Relaxed 
lattice parameters determined from HR-RLMs, ao = 0.4134 nm, are consistent with mass 
densities, ρ = 6.1 g-cm-3, obtained from RBS and indicate that the films are fully dense. 
Moreover, ao and ρ are equal to reported values for bulk VN crystals. 
 VN longitudinal sound velocities along [001], [011], and [111] directions are determined 
using sub-picosecond ultrasonic optical pump/probe techniques as v001 = 9.8, v011 = 9.1, and v111 
= 9.1 km/s. The surface acoustic wave velocity, vSAW = 4420 m/s, is measured by optically-
modulating the surface of VN/MgO(001) films. Combining these results with the mass density 
yield the fundamental VN elastic constants c11 = 585±30, c12 = 178±33, and c44 = 126±3 GPa, as 
well as the VN elastic anisotropy A = 0.62, isotropic Poisson ratio ν  = 0.29, and anisotropic 
Poisson ratios ν001 = 0.23, ν011 = 0.32, ν111 = 0.30. 
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5.5. Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1.  XRD ω-2θ scans from 300-nm-thick epitaxial VN layers grown on (a) MgO(001), 
(b) MgO(011), and (c) MgO(111) at Ts  = 430 oC by magnetically-unbalanced 
reactive magnetron sputter deposition in pure N2 discharges with an incident 
ion/V flux ratio Ji/JV = 28 and an ion energy Ei = 12 eV.  
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Figure 5.2.  HR-RLM about the symmetric 002 reflection from a 300-nm-thick epitaxial VN 
layer grown on MgO(001) at Ts  = 430 oC by magnetically-unbalanced reactive 
magnetron sputter deposition in a pure N2 discharge with an incident ion/V flux 
ratio Ji/JV = 28 and an ion energy Ei = 12 eV. 
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Figure 5.3.  XRD {111} pole figures from 300-nm-thick epitaxial VN layers grown on (a) 
MgO(001), (b) MgO(011), and (c) MgO(111) at Ts = 430 oC by magnetically-
unbalanced reactive magnetron sputter deposition in pure N2 discharges with an 
incident ion/V flux ratio Ji/JV = 28 and an ion energy Ei = 12 eV. 
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Figure 5.4.  XRD {022} φ-scans from a 300-nm-thick epitaxial VN/MgO(001) layer grown at 
Ts  = 430 oC by magnetically-unbalanced reactive magnetron sputter deposition in 
a pure N2 discharge with an incident ion/V flux ratio Ji/JV = 28 and an ion energy 
Ei = 12 eV. 
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Figure 5.5.  HR-RLM about an asymmetric 113 reflection from a 300-nm-thick epitaxial VN 
layer grown on MgO(001) at Ts = 430 oC by magnetically-unbalanced reactive 
magnetron sputter deposition in pure a N2 discharge with an incident ion/V flux 
ratio Ji/JV = 28 and an ion energy Ei = 12 eV. 
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Figure 5.6.  (a) Bright-field XTEM image acquired along the [100] zone axis from a 300-nm-
thick epitaxial VN layer grown on MgO(001) at Ts = 430 oC by magnetically-
unbalanced reactive magnetron sputter deposition in a pure N2 discharge with an 
incident ion-to-V flux ratio Ji/JV = 28 and an ion energy Ei = 12 eV. (b) SAED 
pattern obtained with the aperture sampling the entire film and ≃ 200 nm of the 
substrate; (c) simulated diffraction pattern corresponding to the SAED region 
outlined by the white square. (d) High-resolution cross-sectional STEM image 
from the same sample. 
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Figure 5.7.  A typical plot of the change in reflectance ΔR as a function of the delay time t 
between laser pump and probe pulses incident on an blanket-Al-coated 
stoichiometric VN(001). The solid triangles indicate ΔR peaks corresponding to 
acoustic pulses reflected only from the Al/VN(001) interface. The open triangles 
denote ΔR peaks corresponding to acoustic pulses which have reflected from the 
VN(001)/MgO interface as shown schematically in the inset. ΔtAl and ΔtVN are the 
times required for an acoustic pulse to transverse the Al and VN(001) layers in 
both directions. 
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Figure 5.8.  A plot of ΔR as a function of the time delay t for a SAW propagating 
perpendicular to a 100 -oriented grating on VN(001). 
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6. CHAPTER 6 
DYNAMIC AND STRUCTURAL STABILITY OF CUBIC VN 
 
6.1. Introduction 
Group-VB transition-metal (TM) nitrides with ten valence electrons per formula unit -- 
VN, NbN, and TaN -- are known to have the B1 NaCl structure at room temperature [1–4]. 
However, first principles density-functional theory (DFT) calculation results show that in the 
ideal B1 structure, these compounds exhibit dynamic instabilities characterized by imaginary 
acoustic phonon energies around the X-point at zero kelvin [5,6]. Physically, imaginary energies 
indicate that the restoring forces experienced by displaced atoms, in the presence of lattice 
vibrational waves, are insufficient to return atoms to their ideal positions; instead, atoms become 
trapped in potential energy minima located at different crystallographic coordinates, thus leading 
to a crystal structure transformation. Three decades ago, Kubel et al. [7] reported a cubic-to-
tetragonal phase transition upon cooling bulk polycrystalline stoichiometric VN samples below 
204 K. Lattice symmetry breaking was observed by x-ray diffraction and confirmed by heat 
capacity measurements. Recently, Ivashchenko et al. [8] found, using density-functional 
perturbation theory, that the low-temperature tetragonal VN structure is dynamically stable at 0 
K, with all phonon modes exhibiting positive, real energies.  
A rigorous explanation of the thermodynamic stability of room-temperature 
stoichiometric NaCl-structure VN is lacking. Ivashchenko and Turchi [6] simulated vacancies on 
both cation and anion VN sublattices by convolving the ideal VN band-structure with Gaussian 
functions. They linked increases in the electronic temperature, i.e. broadening of convoluted line-
widths, to increased vacancy concentrations and found that the cubic VN structure becomes 
energetically favored over the tetragonal structure at absolute zero when the joint vacancy 
concentration is greater than 6% on both sublattices. Weber et al. [9] determined room-
temperature phonon dispersion relations for bulk understoichiometric single-crystal VN0.86 using 
inelastic neutron scattering and showed that, in the presence of anion vacancies, acoustic phonon 
energies around the X-point are real, thus reflecting a dynamically-stable cubic structure. Kubel 
et al. [7] reported that polycrystalline understoichiometric bulk VN1-x samples with x > 0.03 
remain in the cubic phase when cooled to cryogenic temperatures and do not undergo the cubic-
to-tetragonal phase transition observed in their stoichiometric samples.  
We have previously shown that high-structural-quality single-crystal stoichiometric 
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VN/MgO(011) films have the NaCl structure [10]. Thus, vacancies are not necessary to stabilize 
the cubic phase. Instead, we show here that cubic VN is dynamically stabilized by anharmonic 
atomic vibrations.  
We use temperature-dependent synchrotron x-ray diffraction (XRD), high-resolution 
cross-sectional transmission electron microscopy (HR-XTEM), selected-area electron diffraction 
(SAED), ab-initio molecular dynamics (AIMD), and resistivity ρ measurements to investigate 
structural phase transitions in stoichiometric VN/MgO(011) thin films. Between 300 and 250 K, 
XRD scans and SAED patterns consist only of single-crystal reflections with Miller indices 
which are all even or all odd, consistent with the NaCl structure factor. At lower temperatures, 
we observe forbidden reflections with Miller indices of mixed parity associated with a tetragonal 
VN phase. The intensities I of the forbidden reflections increase upon cooling below Tc = 250 K 
following the scaling relationship I ∝  (Tc - T)1/2. Temperature-dependent resistivity 
measurements show that ρ(T) contains two linear regions, at 250 ≲ T ≲ 300 K and 100 ≲ T ≲ 
150 K, the latter due to stronger electron/phonon interactions in the tetragonal vs. cubic phase.  
Computational endeavors aimed at predicting the stability of crystal phases often neglect 
vibrational entropies and rely solely on internal energies. In most crystal systems, this 
assumption is justified since differences in crystal vibrational entropies are relatively small 
compared to differences in crystal potential energies [11,12]. As a result, the difference in the 
Gibbs free energies ΔG, the thermodynamic quantity governing phase stability, between the 
competing phases is, at zero pressure, to a very good approximation, simply the difference in 
their internal energies. For VN, however, we show in the present work that the inclusion of 
anharmonic lattice vibrations and vibrational entropy is essential in order to explain structural 
stability.  
Using AIMD within the framework of the temperature-dependent effective potential 
method [13,14], we calculate renormalized  phonon dispersion relations (including many-body 
and self-interactions) for NaCl-structure VN as a function of temperature between 400 and 200 
K. The results show cubic VN to be dynamically stable above Tc = 250 K due to anharmonic 
effects, with all phonon branches exhibiting real energies. As the temperature is decreased, 
acoustic phonon softening occurs around the X-point, consistent with a transition to the 
tetragonal structure. From temperature-dependent resistivity measurements, we obtain, through 
an Einstein inversion procedure [15], the VN Eliashberg spectral function α2trF(ℏω), a measure 
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of the phonon density of states F(ℏω) weighted by the electron/phonon interaction strengths 
α2tr(ℏω). Spectral features corresponding to acoustic phonons are observed at ℏω = 25 meV in 
the tetragonal VN phase, significantly higher than the value ℏω = 19 meV obtained by room-
temperature neutron scattering measurements carried out on bulk NaCl-structure VN. Together 
with results from anharmonic perturbation theory, the lower phonon energies of the cubic VN 
phase yield higher vibrational entropies which, at T > Tc, stabilize the cubic structure compared 
to the tetragonal phase, the thermodynamic ground-state at absolute zero. The results testify to 
the importance of including many-body renormalization effects and vibrational entropies when 
describing the stability of material systems characterized by large anharmonicity at elevated 
temperatures. 
 
6.2. Results 
6.2.1. VN/MgO(011) film stoichiometry and nanostructure  
RBS results establish that the VN/MgO(011) layers are stoichiometric, and 
compositionally uniform, with N/V = 1.00±0.03. Combined with XTEM measurements of film 
thickness, RBS-determined atomic areal densities yield a VN mass density of 6.1 g/cm3, equal to 
reported results for bulk crystals [16].  
A typical XRD θ-2θ scan, acquired using CuKα radiation, from a VN/MgO(011) film is 
shown in Figure 6.1; diffracted x-ray intensities are plotted logarithmically as a function of 2θ 
between 10 and 110°. Over the entire 2θ range sampled, the scan exhibits only one pair of 
reflections, with peaks at 62.29 and 63.59o 2θ assigned to MgO 022 and VN 022.  
Figures 6.2(a) and 6.2(b) are typical synchrotron x-ray diffraction {111} pole figures 
obtained from VN/MgO(011) samples. The pole figures are plotted as stereographic projections 
over azimuthal angles φ = 0-360o and polar angles χ = 0-85o with diffracted intensities 
represented by logarithmic isointensity contours. The {111} VN(011) pole Figure 6.in Figure 
6.2(a) exhibits two peaks, separated by φ = 180o and tilted χ = 35.26o from the surface normal, 
corresponding to the 111 and 111 reflections of a cubic structure. No additional reflections are 
observed. The {111} pole Figure 6.from MgO(011) contains a pair of reflections positioned at φ 
and χ angles identical to those observed for VN(011), showing that [111]VN||[111]MgO.VN(011) 
and MgO(011) {002} pole figures, presented in Figure 6.2(b), also exhibit two peaks each, 
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located, in this case, at φ = 0 and 180o with χ = 45o, corresponding to 002 and 020 cubic 
reflections.  
A typical VN/MgO(011) HR-XTEM image, acquired along the 011 zone axis, is shown 
in Figure 6.3. Image contrast between the film and substrate arises predominately from the large 
difference in mass between V (mV = 50.9 amu) and Mg (mMg = 24.3 amu). Based upon the 
combination of x-ray θ-2θ and pole figures measurements, together with the observation of well-
ordered 001, 011, and 111 lattice fringes across the film-substrate interface, we establish that the 
VN films are single crystals which are epitaxially-oriented cube-on-cube with respect to their 
MgO substrates: (011)VN||(011)MgO with [100]VN||[100]MgO. Film and substrate lattice parameters 
obtained from the fringe spacings are 0.413 and 0.421 nm, respectively. 
Figure 6.4 is an x-ray diffraction HR-RSM, acquired using CuKα radiation, around the 
022 film and substrate reflections and plotted as logarithmic isointensity contours as a function 
of in-plane k|| and out-of-plane k⊥ reciprocal-lattice vectors. Peak positions in reciprocal space 
are related to those in ω–2θ space via k|| = 2rE sin θ cos ω-θ  and k⊥ = 2rE sin θ sin ω-θ  in 
which rE is the radius of the Ewald sphere [17,18].  
VN(011) in-plane ξ|| and out-of-plane ξ⊥ x-ray coherence lengths, which serve as 
measures of crystalline quality, are obtained from the width of symmetric 022 reflections parallel 
Δk|| and perpendicular Δk⊥ to the diffraction vector k through the relationships: ξ|| = 2π/|Δk||| and 
ξ⊥ = 2π/|Δk⊥|. From the results in Figure 6.4, ξ|| = 59 and ξ⊥ = 140 nm. For comparison, high-
structural-quality single-crystal ZrN/MgO(001) films, 830-nm-thick (nearly 3x thicker than the 
present VN film), grown under similar conditions exhibit ξ|| = 18 and ξ⊥ = 161 nm [19]. Out-of-
plane ξ⊥ values depend, in addition to structural quality, on film thickness. The relatively large ξ 
values obtained here, comparable to well-ordered 300-nm-thick VN(001), ξ|| = 57 and ξ⊥ = 159 
nm [10], and 260-nm-thick TiN(001), ξ|| = 86 and ξ⊥ = 142 nm [18], reflect the high crystalline 
quality and low mosaicity of our films. 
In-plane a||, out-of-plane a⊥, and relaxed ao VN lattice parameters are determined, 
together with in-plane ε|| and out-of-plane ε⊥  film strains, from HR-RSMs about asymmetric 311 
reflections. Typical HR-RSM results are shown in Figure 6.5 as logarithmic isointensity contours 
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plotted vs. k|| and k⊥ reciprocal-lattice vectors. For a 311 reflection from an 011-oriented NaCl-
structure sample, the in-plane a|| and out-of-plane a⊥ lattice parameters are related to the 
reciprocal-lattice vectors through the relations a|| = 3/k|| and a⊥ = 2/k⊥ [10]. From measured k|| 
and k⊥ values, we obtain a|| = 0.4124 and a⊥ = 0.4136 nm. Combining these results with the VN 
Poisson ratio ν = 0.19 [10], the relaxed VN lattice parameter is determined via the equation [20]  
 
 
ao =   a⊥(1-ν) +  a||(2ν)  (1+ν)       (6.1) 
as ao = 0.4132±0.0004 nm. The result is in agreement with the HR-XTEM results and with 
published values for bulk VN, 0.4134 nm [21,22]. The mild in-plane compressive strain, ε||  = 
(a||/ao-1) = -0.0019, is primarily accounted for by differential thermal contraction during cooling 
following film deposition. Using the thermal contraction coefficients for MgO, αs = 13×10-6 
K-1 [23], and VN, αf = 9.7×10-6 K-1  [24], we obtain a thermal strain of ε|| = -0.0017. Film out-of-
plane strain ε⊥ = (a⊥/ao-1) = 0.0010. 
 
6.2.2. Temperature-dependent electron and synchrotron x-ray diffraction 
The thermal stability of stoichiometric VN in the NaCl structure is probed by 
temperature-dependent SAED, synchrotron x-ray diffraction, and resistivity measurements ρ(T). 
SAED patterns are acquired at 300, 263, 258, 248, 228, 173, 148, 133, and 97 K. Figure 6.6(a) is 
a typical room-temperature SAED pattern obtained along the 011 zone axis with the selected-
area aperture sampling the upper 200 nm portion of the film. Only single-crystal reflections are 
visible, consistent with synchrotron x-ray diffraction pole-figures [Figures 6.2(a) and 6.2(b)], 
HR-XTEM observation of continuous lattice fringes across the film-substrate interface (Figure 
6.3), and the relatively large x-ray coherence lengths obtained from HR-RSM results (Figure 
6.4). All SAED patterns obtained at T < 250 K, exhibit additional forbidden reflections 
associated with Miller indices of mixed parity, including 001, 003, and 211, due to a structural 
transition to a non-centrosymmetric tetragonal phase. Figure 6.6(b), acquired at 97 K, is a typical 
example. 
The intensities of VN(011) forbidden reflections are obtained as a function of 
 109 
 
temperature from synchrotron XRD scans along high-symmetry reciprocal-space directions and 
HR-RSMs acquired over the temperature range from 300 to 20 K. In NaCl-structure crystals, 
reciprocal-lattice positions described by integer Miller indices of the same parity correspond to 
the [000] Γ-point Brillouin zone center, while positions described by integer Miller indices of 
mixed parity correspond to the [100] X-point Brillouin zone boundary. L-point [½½½] Brillouin 
zone boundaries are represented by half-integer indices. Diffracted intensities are acquired along 
high-symmetry directions in the Brillouin zone, centered about the 222 Bragg reflection, and 
plotted logarithmically as a function of temperature in Figure 6.7. The curves are displaced 
vertically for clarity. At room temperature, Bragg conditions are satisfied only at the Brillouin 
zone center. Below 250 K, however, additional reflections, in agreement with the low-
temperature SAED results in Figure 6.6, appear at the X-point. The intensities of the forbidden 
peaks increase with decreasing temperature. 
VN/MgO(011) synchrotron HR-RSMs about forbidden 003 VN reflections are acquired 
at temperatures between 300 and 20 K. Typical maps plotted as diffracted intensity isocontours 
as a function of [100] and [010] reciprocal-lattice vectors k are presented in Figures 8(a)-8(d) for 
T = 275, 250, 200, and 100 K. Diffracted intensities are normalized at each temperature to 
highlight the absence of a peak at T = 275 K and the presence of a small 003 Bragg reflection at 
T = 250 K. Maps at temperatures below 200 K, Figures 6.8(c) and 6.8(d), show well-defined 003 
reflections, characterized by asymmetric isointensity contours which extend farther along {001} 
than {011} directions. Additional 003 RSMs (not shown) acquired from 300-nm-thick VN 
overlayers grown on MgO(001) and MgO(111) also exhibit forbidden reflections with mixed-
parity indices which appear at temperatures below Tc = 250 K, indicating that the phase 
transition is not controlled by the film/substrate epitaxial orientation. This is in contrast to the 
neighboring Group-VIB compound CrN, for which 140-nm-thick films grown on MgO(001) 
have been shown to suppress the cubic-to-orthorhombic transition observed in bulk CrN at 280 
K [25].  
The temperature-dependent evolution of 003 VN reflection intensities I(T) is obtained by 
integrating three-dimensional HR-RSM peaks acquired at temperatures between 300 and 20 K; 
the resulting I(T) values are plotted in Figure 6.9. Over the temperature range 250 ≤ T ≤ 300 K, 
the B1 cubic structure factor is zero. Below the transition temperature Tc = 250 K, I(T) values 
increase with decreasing T, following a scaling relationship I(T) ∝ (Tc - T)1/2.  
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Based on the phenomenological Landau formalism for displacive structural phase 
transitions, a temperature scaling exponent of ½, as observed here, suggests that the phase 
transition is second order [26]. However, first-order phase transitions can also exhibit a critical 
exponent of ½ [27,28]. In that case, I(T) will discontinuously become zero at a temperature Tc* 
prior to reaching Tc. The magnitude of the difference |Tc* - Tc| is a measure of the degree to 
which the phase transition is second order [29]. For VN, I(T) appears to decrease continuously 
toward zero (see Figure 6.9), indicating that the phase transition exhibits strong second-order 
character with Tc* ≃  Tc. However, a second-order phase transition is forbidden by the 
incompatible symmetries of the VN parent cubic phase (space group Fm3m) and product 
tetragonal (P42m) phase [7]. As a result, a discontinuous jump in I(T), while below experimental 
detection limits, must occur at Tc* near Tc. Thus, the cubic-to-tetragonal VN phase transition 
exhibits an apparent second-order character, but ultimately requires, due to the symmetries of the 
parent and product phases, a discontinuous change in I(T) and is therefore first order. 
 
6.2.3. Ab-initio molecular dynamics 
Forbidden reflections of mixed parity, including 003 and 211, correspond to scattering 
vectors k with crystal momenta translationally symmetric to the [001] X-point in the first 
Brillouin zone. At room-temperature, inelastic neutron scattering measurements carried out on 
bulk VN samples reveal phonon anomalies characterized by soft longitudinal phonon modes near 
the X-point [9]. Quasiharmonic DFT calculations [5] show that the anomalies become 
pronounced at 0 K, with phonons exhibiting imaginary energies. Phonons are quantized lattice 
waves with amplitudes which depend on time t through the factor exp(-iωt) [30], in which ω is 
the phonon frequency. For positive phonon energies ℏω, the lattice wave propagates with a 
group velocity vg = ∇!ω. At zero phonon energy, the wave ceases to evolve with time and the 
atoms are frozen at their displaced coordinates, resulting in a transformed structure. Imaginary 
phonon energies correspond to a wave amplitude which grows increasingly large in an 
unphysical manner as time progresses. This is the signature of a dynamically unstable system. In 
order to investigate the dynamic stability of VN, as influenced by phonon softening, 
temperature-dependent renormalized (including many-body and self-interactions) VN phonon 
dispersion relations are computed using TDEP.  
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Figure 6.10 shows calculated VN phonon dispersion relations ℏωj(k) along high-
symmetry directions for eight temperatures between 400 and 200 K. At 400 K, VN phonon 
energies are real over the entire Brillouin zone as a direct result of anharmonic vibrations. 
Pronounced anomalies, characterized by soft longitudinal and transverse acoustic (LA and TA) 
phonon modes (ℏωLA = 8.7 and ℏωTA = 12.4 meV), occur near the X-point. At lower 
temperatures, the LA modes soften further due to attenuation of anharmonic atomic vibrations 
resulting from changes in the interatomic force constants and the potential energy landscape. The 
energy of [001]-zone-boundary LA phonons reaches zero at the critical temperature Tc = 250 K. 
Below Tc, ℏωLA becomes imaginary (ℏωLA2 < 0 meV). As a result, our TDEP simulations show 
that NaCl-structure VN becomes dynamically unstable below Tc = 250 K, consistent with the 
structural transformation observed by temperature-dependent synchrotron XRD and SAED 
analyses. 
 
6.2.4. VN temperature-dependent resistivity 
The acoustic phonon density-of-states for the VN tetragonal phase is evaluated via the 
transport Eliashberg spectral function αtr2F(ℏω), an energy-resolved measure of the product of 
the electron/phonon coupling strength αtr2(ℏω) and the phonon density-of-states F(ℏω). For 
Group-IVB nitrides, the transport electron/phonon coupling function αtr2(ℏω) is essentially 
constant as a function of energy [15]. Similarly, for the Group-VB nitride NbN, the phonon 
density-of-states, obtained by inelastic neutron scattering measurements using bulk single-
crystals, exhibits peaks due to acoustic and optical phonons at ℏωA = 25 and ℏωO = 65 
meV [31], in good agreement with values obtained by Raman spectroscopy, ℏωA = 25 and ℏωO 
= 67 meV [32]. Since features in Raman spectroscopy are strongly influenced by 
electron/phonon interactions [33–39], we conclude that in both Group-IVB and VB nitrides, 
αtr2F(ℏω) effectively samples the phonon density-of-states, allowing the energies of features in 
F(ℏω) to be obtained from temperature-dependent resistivity measurements. 
The VN/MgO(011) room-temperature resistivity, ρ300K = 33.0 µΩ-cm, is lower than 
reported results for polycrystalline bulk VN, 85 µΩ-cm [16], and VN thin films, 34-57 µΩ-
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cm [40–43]. Measured temperature-dependent VN/MgO(011) resistivities ρ(T) between 300 and 
4 K are presented in Figure 6.11. Upon cooling, ρ(T) decreases, due to decreased phonon 
scattering, with ρ(T) ∝ T between 300 and ~250 K. The temperature coefficient of resistivity 
TCR over this temperature range, defined as (ρ300K - ρ250K)/ΔT, is 6.4x10-8 Ω-cm K-1, remarkably 
similar to those of the Group-IVB TM nitrides, which range from 4.0x10-8 (HfN) [44] to 5.0x10-8 
(TiN) [15] to 5.6x10-8 Ω-cm K-1 (ZrN) [19].   
While the resistivity of Group-IVB nitrides follows a linear scaling relation ρ(T) ∝ T 
over a broad temperature range spanning 100 ≤ T ≤ 300 K  [15], the slope of ρ vs. T for Group-
VB VN changes as T is decreased below 250 K. At temperatures between ~150 and 100 K, the 
VN resistivity decreases linearly at a rate approximately three times larger, resulting in TCR = 
17x10-8 Ω-cm K-1, than that over the temperature range 300-250 K. Thus, the VN resistivity 
between 300 and 100 K consists of two linear regions, 250 ≲ T ≲ 300 K and 100 ≲ T ≲ 150 K, 
as highlighted in Figure 6.11.  
It has been proposed that the temperature-dependent resistivity of VN exhibits 
saturation [43,45], a sublinear decrease in resistivity with decreasing temperature, as is typical of 
A15-structure compounds [46–48] for which strong electron/phonon scattering reduces electron 
mean free paths to lengths comparable to interatomic spacings [49]. However, for VN, the 
temperature below which the slope dρ/dT decreases more rapidly coincides with the cubic-to-
tetragonal phase transition temperature (Tc = 250 K) determined by temperature-dependent 
SAED (Figure 6.6) and synchrotron-XRD (Figures 6.7 and 6.8). As a result, we do not observe a 
sublinear VN ρ(T) behavior; rather, ρ(T) consists of two linear segments, from 300 to 250 K and 
from 150 to 100 K, with distinctly different electron/phonon scattering amplitudes. 
Based upon our measured VN room-temperature resistivity ρ300K, we estimate the 
conduction electron mean free path λ300K via the relationship λ300K = vF(εοωp2ρ300K)-1, in which εo 
is the permittivity of free-space, vF is the Fermi electron velocity, and ωp is the unscreened 
plasma frequency. We obtain ωp = 6.4 eV/ℏ from a Drude-Lorentz fit to the VN dielectric 
function obtained using variable-angle spectroscopic ellipsometry and confirmed by first 
principles DFT band-structure calculations [15,50], which yield ωp = 6.5 eV/ℏ. Using the Fermi 
velocity vF = 2.09x106 m/s  [51,52] for NbN, which is isoelectronic with VN, yields λ300K = 7 
nm, approximately 17 times the measured lattice parameter, ao = 0.4130 nm. A linear 
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extrapolation of ρ(T) results near 300 K shows that λ = ao at T ~ 10 000 K, greatly exceeding the 
VN melting point, Tm = 2350 K [53]. Thus, we conclude that the proposed sublinear decrease in 
ρ(T) arising from a reduction in the electron mean free path to less than ao does not occur.  
The resistivity ρο of VN at temperatures T ≲ 20 K remains constant at 2.12 µΩ-cm and is 
primarily determined by defect and impurity scattering. The presence of vacancies on both cation 
and anion VN sublattices exceeding a vacancy fraction of fvac ~ 0.06 has been suggested to have 
a stabilizing effect on the NaCl structure [6]. An upper bound on the vacancy concentration in 
our VN films is obtained by comparing measured ρo values to those computed from first-
principles electronic Green's function calculations using the Kubo-Greenwood formalism [54–
59]. Self-consistent VN Green's functions are solved using the Korringa-Kohn-Rostoker 
approximation [60,61] as implemented in the simulations package SPR-KKR [57–59]. Electron 
scattering rates and perturbations to the periodic crystal potential arising from equal 
concentrations of cation and anion vacancies are modeled within the coherent-potential 
approximation [62]. Calculated low-temperature defect-controlled resistivities ρο increase 
linearly with vacancy fraction fV following the empirical relationship ρo(x) = 5.1x102 fvac µΩ-cm. 
Based on our measured ρo value, we establish an upper limit, fvac < 0.005, to the vacancy fraction 
in our VN layers which is an order of magnitude smaller than the value, fvac ~ 0.06, predicted in 
Ref. [8] to influence the structural stability of VN. Thus, VN has the NaCl structure at room-
temperature despite having a much lower vacancy concentration. 
For metallic conductors, the residual resistivity ratio RRR = ρ300K/ρo serves as a metric 
for crystalline quality. Here, we obtain RRR = 16 for VN/MgO(011). Reported values for high-
crystalline-quality Group-IVB ZrN/MgO(001) layers are 15 [15], while previous studies of VN 
thin films yield RRR values of 8.4 [41] and 10 [43]. The relatively large RRR value obtained 
here reflects the stoichiometry and high structural quality of the present VN films. As a result, 
scattering events are independent and the temperature-dependent resistivity of the tetragonal VN 
phase (T < 250 K) may be described by Matthiessen’s rule: ρ(T) = ρo + ρph(T), in which ρph(T) is 
the phonon-scattering contribution to resistivity. 
The VN resistivity between 100 and 10 K (Figure 6.11) follows a power-law relationship 
ρph(T) ∝ T4, which is characteristic of electron/phonon scattering in metals for which the Fermi 
surface intersects Bragg planes. This is in contrast to the normal ρph(T) ∝ T5 behavior [63], when 
Umklapp processes dominate scattering [64,65] and electrons are frequently scattered outside of 
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the first Brillouin zone [66]. The transport Eliashberg spectral function αtr2F(ℏω) [63] describes 
the effect of electron/phonon scattering events on ρph(T) via the transform [67]:  
 
 
ρph T  = 
πm*
ne2
ℏω/kBT
sinh2 ℏω/2kBT
αtr2F ℏω dℏω.
∞
0
   (6.2) 
 
n, m*, and e are the electron density, effective mass, and charge. By discretizing the integral in 
Eq. 6.2 into a series of Einstein modes at fixed energies, the scattering amplitudes for each mode 
is adjusted through a least-squares procedure until the calculated ρph(T) result matches the 
measured curve. Based upon a collection of one thousand Einstein mode energies and 
corresponding amplitudes, obtained from approximately one hundred fitting routines, a quasi-
continuous Eliashberg spectral function describing electron/phonon coupling in the low-
temperature tetragonal VN phase is developed. A detailed account of the inversion procedure is 
presented in Ref. [15].  
Figure 6.12 is a plot showing calculated VN temperature-dependent resistivities ρ(T) = ρo 
+ ρph(T) between 125 and 10 K, multiplied by a factor 1/T (red solid line) to highlight resistivity 
contributions from defects (orange dashed curve) and phonon scattering (blue dashed curve). 
There is no discernable discrepancy between calculated ρ(T)/T values and normalized 
experimental resistivity results (circles). Residuals R, defined as the difference between 
calculated and experimental curves, are plotted in Figure 6.12(b) and show that the agreement is 
excellent, R ≤ 10-4, to within experimental uncertainty. These results establish that while 
electron/phonon scattering contributes essentially nothing to the VN resistivity below 20 K, it 
becomes the strongest electron scattering source above 57 K. 
 The transport VN Eliashberg spectral function αtr2F(ℏω) for the low-temperature 
tetragonal VN phase is plotted in Figure 6.13 for phonon energies ℏω between 0 and 60 meV. A 
strong contribution from electron/acoustic-phonon interactions gives rise to a peak at ℏω = 25 
meV. For comparison, measurements of phonon density-of-states F(ℏω) obtained from room-
temperature inelastic neutron scattering experiments carried out on bulk NaCl-structure VN 
reveal a softer acoustic phonon peak at ℏω = 19 meV [9]. The F(ℏω) shoulder at 30 meV arises 
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from phonon van-Hove singularities, i.e. regions in reciprocal space, including near the L-point 
Brillouin zone boundary, for which the phonon group velocity vg = ∇!ω is zero. 
The Gibbs free energy of a dynamically stable, configurationally ordered, non-magnetic, 
crystalline phase evolves with temperature T as  
 
 G = Go - TSvib - TSel,    (6.3) 
in which Svib and Sel are vibrational and electronic entropies and Go is a temperature-independent 
factor which includes enthalpies and zero-point energies. The electronic entropy for VN is small 
(~1% of the vibrational entropy) and thus neglected. The vibrational entropy Svib, for a 
dynamical stable phase, is given to leading order within anharmonic perturbation theory [68] by 
the Mermin functional as 
 
 
Svib T  = -
∂
∂T
kBT ln 2sinh
ℏω
2kBT
F ℏω  dℏω
∞
0 ! ,   (6.4) 
 
with the derivative evaluated at constant volume V. Consider Eq. 6.4 with an Einstein phonon 
density of states F(ℏω) = δ(ℏω* - ℏω), as would occur for a harmonic oscillator with a resonant 
energy ℏω*. In the limit of small ℏω*, the vibrational entropy simplifies to Svib(T) = kB[1 – 
ln(ℏω*) + ln(kBT) + ... ], indicating that Svib(T) is higher for crystals with softer phonons, i.e. 
smaller ℏω* values [69]. Physically, the higher entropy arises because smaller vibrational 
energies ℏω* engender larger phonon populations, which, in turn, yield more configurational 
microstates.  
 Comparing the inverted low-temperature tetragonal VN transport Eliashberg spectral 
function αtr2F(ℏω), which gives rise to a peak at ℏω = 25 meV (Figure 6.13), and measured 
cubic VN room-temperature neutron-scattering phonon densities of states F(ℏω), with a peak at 
ℏω = 19 meV, we find that the entropy of the tetragonal phase S!"#!"!  is lower than that of the 
cubic phase S!"#!"# over their respective temperature stability ranges. Additionally, the fact that VN 
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adopts the tetragonal structure at low temperatures requires the enthalpy and zero-point 
vibrational energy (see Eq. 6.5) of the tetragonal phase G!!"! to be lower than that of the cubic 
phase G!!"#. Thus, the relative Gibbs free energies of the tetragonal and cubic VN phases, 
 
 ΔG ≡ ΔGo  - TΔSvib, (6.5) 
are related via 
 ΔGo ≡ Go
tet - Go
cub < 0   (6.6) 
and   
 ΔSvib ≡ Svib
tet  - Svib
cub < 0. (6.7) 
 
 The tetragonal phase is thermodynamically stable with respect to the cubic phase when 
ΔG < 0 or, equivalently, when the temperature T < Tc; while the cubic phase is stable when ΔG > 
0 and T > Tc. At absolute zero, the temperature-independent free energy of the tetragonal phase 
is lower, rendering the cubic phase thermodynamically unstable. As T is raised over the range 0 
< T < 250 K, cubic VN remains dynamically unstable with imaginary phonon modes. At the 
critical phase-transition temperature Tc = 250 K, the difference in vibrational entropy TΔSvib 
balances the difference in the temperature-independent free energy ΔGo. Additionally, 
anharmonic vibrations dynamically stabilize the cubic VN phase so that all phonon energies 
become positive (see Figure 6.10). At even higher temperatures, including at and above room 
temperature, the ground state of the VN system resides in the cubic phase, due to softer phonon 
modes and higher vibrational entropies of this state. 
 
6.3. Conclusions 
 Single-crystal stoichiometric B1 NaCl structure VN/MgO(011) layers grow with a 
cube-on-cube orientational relationship to the substrate: (011)VN||(011)MgO and [100]VN||[100]MgO. 
At a critical transition temperature Tc = 250 K, temperature-dependent SAED and synchrotron 
XRD measurements reveal the presence of forbidden X-point reflections associated with a cubic-
to-tetragonal phase transition. Upon further cooling, forbidden peak intensities I increase 
following the scaling behavior I ∝ (Tc - T)1/2.  
Temperature-dependent VN/MgO(011) resistivities decrease from ρ300K = 33.0 µΩ-cm (T 
= 300 K) to ρο = 2.12 µΩ-cm (T ≲ 20 K). Both the room-temperature ρ300K and residual ρo 
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resistivity results are the lowest reported values for bulk and thin film VN, reflecting the high 
structural quality of our films. VN resistivities ρ(T) over the temperature range from 300 to 100 
K contain two linear regions for which TCR values are 17x10-8 Ω-cm K-1 (250 ≲ T ≲ 300 K) 
and 6.4x10-8 Ω-cm K-1 (100 ≲ T ≲ 150 K). Smaller TCR values at higher temperatures were 
previously believed to be the result of electron/phonon scattering reducing VN conduction 
electron mean free paths λ to lengths comparable to interatomic distances [48,70]. However, we 
find that λ = ao, the relaxed VN lattice parameter, only for temperatures greatly exceeding the 
VN melting point. Instead, we interpret the change in TCR as arising from the cubic-to-
tetragonal phase transition at 250 K. 
AIMD simulations based on the TDEP method reveal that lattice vibrations in NaCl-
structure VN are strongly anharmonic. An analysis of temperature-dependent renormalized VN 
phonon dispersion relations shows that VN is dynamically unstable in the NaCl structure below 
Tc = 250 K resulting in unphysical X-point longitudinal acoustic phonon energies (ℏωLA2 < 0). 
However, above this temperature, the NaCl structure is stabilized by anharmonic effects. 
Transport Eliashberg spectral function results, obtained from temperature-dependent resistivity 
measurements, combined with anharmonic perturbation theory, establish that NaCl-structure VN 
is thermodynamically stabilized at T > Tc relative to the tetragonal VN phase due to lower 
phonon energies and, consequentially, higher vibrational entropies. 
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6.5.  Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1.  θ-2θ XRD scan, acquired using CuKα radiation, from a 300-nm-thick epitaxial 
VN/MgO(011) layer grown at Ts = 430 oC by reactive magnetron sputter 
deposition. 
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Figure 6.2.  Synchrotron x-ray diffraction VN and MgO (a) {111} and (b) {002} pole figures 
acquired from 300-nm-thick epitaxial VN/MgO(011) layers grown at Ts = 430 oC 
by reactive magnetron sputter deposition.  
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Figure 6.3.  High-resolution cross-sectional TEM image acquired along the [0𝟏1] zone axis 
from a 300-nm-thick epitaxial VN layer grown on MgO(011) at Ts = 430 oC by 
reactive magnetron sputter deposition.  
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Figure 6.4.  High-resolution reciprocal-space x-ray diffraction map, acquired with CuKα 
radiation, about the symmetric 022 reflection from a 300-nm-thick epitaxial VN 
layer grown on MgO(011) at Ts  = 430 oC by reactive magnetron sputter 
deposition.  
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Figure 6.5.  High-resolution reciprocal-space x-ray diffraction map, acquired with CuKα 
radiation, about an asymmetric 311 reflection from a 300-nm-thick epitaxial VN 
layer grown on MgO(011) at Ts = 430 oC by reactive magnetron sputter 
deposition.  
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Figure 6.6.  Typical temperature-dependent selected-area electron diffraction patterns, 
acquired along the [0𝟏1] zone axis, from epitaxial stoichiometric VN/MgO(011) 
at (a) room temperature and (b) 97 K with the selected-area aperture sampling the 
upper 200 nm of the film. The VN(011) film was grown at Ts = 430 oC by reactive 
magnetron sputter deposition. 
 
 
  
 126 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7.  Temperature-dependent synchrotron x-ray diffraction intensities, acquired along 
high symmetry reciprocal-space directions, from a 300-nm-thick epitaxial 
VN/MgO(011) layer grown at Ts = 450 oC. Γ, X, K, and L points correspond to 
[222], [322], [2.75 2.75 2], [222], and [2.5 2.5 2.5] positions in reciprocal [hkl] 
space. 
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Figure 6.8.  Typical temperature-dependent high-resolution reciprocal-space synchrotron x-ray 
diffraction maps, plotted as a function of reciprocal-lattice vectors k100 and k010, 
about the asymmetric 003 reflection from a 300-nm-thick epitaxial stoichiometric 
VN/MgO(011) layer grown at Ts = 430 oC. The maps are acquired at temperatures 
of (a) 275, (b) 250, (c) 200, and (d) 100 K. Scale bars correspond to 0.05 nm-1. 
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Figure 6.9.  Synchrotron XRD VN(011) forbidden 003 reflection intensities squared, plotted 
as a function of temperature. Data points correspond to integrated 003 VN peak 
intensities obtained from HR-RSMs measurements carried out on 300-nm-thick 
epitaxial stoichiometric VN/MgO(011) layers, including those shown in Figure 
6.8.  
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Figure 6.10.  Renormalized VN phonon dispersion relations, at temperatures between 400 and 
200 K, obtained using ab-initio molecular dynamics with temperature-dependent 
effective potentials. 
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Figure 6.11.  Temperature-dependent (4 < T < 300 K) resistivity ρ(T) of epitaxial 
stoichiometric VN/MgO(011). Orange lines highlight the regions 250 ≲ T ≲ 300 
K and 100 ≲ T ≲ 150 K for which 𝛒 ∝ 𝐓.  
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Figure 6.12.  (a) Measured temperature-dependent resistivity ρ(T) of epitaxial stoichiometric 
VN/MgO(011). ρ(T) is multiplied by a factor of 1/T (circles) to highlight 
contributions due to defect scattering ρo (dashed orange line) and phonon 
scattering ρph(T) (dashed blue line). The solid red curve is the calculated total 
normalized VN resistivity ρ(T)/T, for which ρ(T) = ρo + ρph(T). (b) Residuals R, 
the difference between measured and calculated resistivities, as a function of 
temperature T.  
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Figure 6.13.  Acoustic contributions to the tetragonal-VN transport Eliashberg spectral function 
αtr2F(ℏω), obtained using an Einstein inversion procedure [15] from temperature-
dependent (125 < T < 10 K) resistivity measurements of epitaxial stoichiometric 
VN/MgO(011) (blue circles). For comparison, room-temperature cubic-VN 
acoustic phonon density-of-states F(ℏω) (gray squares), obtained from inelastic 
neutron-scattering measurements carried out with bulk samples [9].  
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7. CHAPTER 7 
CONCLUSIONS AND FUTURE RESEARCH 
 
7.1.  Conclusions 
The Group-IVB transition-metal (TM) nitrides TiN, ZrN, and HfN are utilized for 
numerous applications (see Chapter 1, Section 1) in which control of electronic and thermal 
transport properties are critical. Nevertheless, prior to the research described in this thesis, there 
were no reported systematic investigations, using stoichiometric high-quality single-crystals, of 
electron/phonon interactions which control electron pairing giving rise to superconductivity and 
which limit carrier mobilities at higher temperatures.  
VN, a Group-VB TM nitride, is a model system for the study of complex phenomena, 
including anharmonicity and electron/phonon interactions. At room-temperature, VN crystallizes 
in the NaCl-structure; however, density functional theory calculations carried out at absolute zero 
reveal that cubic VN is dynamically unstable. Despite a number of previous studies linking the 
stability of cubic VN to structural disorder, including both N and V vacancies, a rigorous 
explanation of the stability of VN in the NaCl structure was lacking.   
In this thesis, I have employed a detailed analysis of temperature-dependent resistivity 
measurements to investigate electron/phonon coupling strengths which control transport 
properties of group-IVB TM nitrides. In addition, I combined first-principles calculations with 
temperature-dependent synchrotron x-ray diffraction to investigate the dynamic stability of VN, 
a model Group-VB TM nitride system. Since the properties of TM nitrides are strongly 
influenced by film composition, nanostructure, texture, surface roughness, and density, I 
conducted the investigations using high-quality single crystals deposited by magnetically-
unbalanced reactive magnetron sputter deposition with high-flux, low-energy ion irradiation of 
the film growth surface. 
I established the ZrNx growth phase map as a function of the N2 gas fraction f!! in mixed 
N2/Ar atmospheres and the N/Zr ratio. X-ray diffraction (XRD) θ-2θ, glancing angle, and 
azimuthal φ-scans show that films grown at Ts  = 450 oC with f!! = 0 are epitaxial hcp Zr; films 
grown with f!! between 0 and 0.017 are polycrystalline two-phase mixtures consisting of hcp Ζr 
and cubic ZrNx; and layers grown with f!! > 0.017 are single-phase B1-NaCl-structure ZrNx for 
which Rutherford backscattering spectroscopy (RBS) results show that the N/Zr ratio increases 
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monotonically from 0.80 (f!! = 0.0170) to 1.33 (f!! = 1.0). Stoichiometric epitaxial ZrN is 
obtained with f!! = 0.0175. Under these conditions, the combination of the ion current density at 
the substrate (Ji = 1.1×1016 cm-2 s-1) and film deposition rate (R = 0.46 nm s-1), yield an ion-to-Zr 
flux ratio Ji/JZr = 5.7 incident at the growth surface. The incident ion energy Ei = e|Vp - Vs| = 48 
eV, in which the applied substrate bias Vs = -75 V and the floating potential Vf = -37 V. The 
plasma electron temperature Te was 2.3 eV and the electron density n = 2.5×1011 cm-3. 
The combination of high-resolution reciprocal lattice maps (HR-RLMs), high-resolution 
cross-sectional transmission electron microscopy (HR-XTEM), and selected-area electron 
diffraction (SAED) showed that stoichiometric ZrN layers grown on MgO(001) at 450 °C with f!!  = 0.0175 are epitaxial with a cube-on-cube orientation with respect to the substrate, 
(001)ZrN||(001)MgO and [100]ZrN||[100]MgO. The layers are essentially fully relaxed with a lattice 
parameter of 0.4575 nm, in good agreement with reported results for bulk ZrN crystals. X-ray 
reflectivity analyses reveal that the films are completely dense with smooth surfaces (surface 
width = 1.3 nm, consistent with atomic-force microscopy data). Based upon temperature-
dependent electronic transport measurements, epitaxial ZrN/MgO(001) layers have a room-
temperature resistivity ρ300K of 12.0 µΩ-cm, a temperature coefficient of resistivity of 5.6×10-8 
Ω-cm K-1 between 100 and 300 K, a residual resistivity ρo below 30 K of 0.78 µΩ-cm 
(corresponding to a residual resistivity ratio ρ300Κ/ρ15K = 15), and the layers exhibit a 
superconducting transition temperature of 10.4 K. The high residual resistivity ratio, combined 
with large in-plane and out-of-plane x-ray coherence lengths, indicates high crystalline quality 
with low mosaicity. The reflectance of ZrN(001), as determined by variable-angle spectroscopic 
ellipsometry, decreases slowly from 95% at 1 eV to 90% at 2 eV with a reflectance edge at 3.04 
eV. Interband transitions dominate the dielectric response above 2 eV. The ZrN(001) 
nanoindentation hardness and modulus are 22.7±1.7 and 450±25 GPa.  
I determined transport electron/phonon coupling parameters and Eliashberg spectral 
functions αtr2F(ℏω) for Group-IV TM nitrides TiN, ZrN, and HfN, and the rare-earth (RE) nitride 
CeN using an inversion procedure based upon temperature-dependent (4 < T < 300 K) resistivity 
measurements of high-crystalline-quality stoichiometric epitaxial films grown on MgO(001) by 
magnetically-unbalanced reactive magnetron sputtering. Transport electron/phonon coupling 
parameters λtr vary from 1.11 for ZrN to 0.82 for HfN, 0.73 for TiN, and 0.44 for CeN and are 
consistent with measured superconducting transition temperatures 10.4 (ZrN), 9.18 (HfN), 5.35 
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(TiN), and < 4 K for CeN. Spectral peaks in α2F(ℏω), corresponding to regions in energy-space 
for which electrons couple to acoustic ℏωac and optical ℏωop phonon modes, are centered at ℏωac 
= 33 and ℏωop = 57 meV for TiN, 25 and 60 meV for ZrN, 18 and 64 meV for HfN, and 21 and 
39 meV for CeN. Acoustic mode energies decrease with increasing cation mass; optical mode 
energies increase with bond strength. Optical/acoustic peak-intensity ratios are 1.15±0.1 for all 
four nitrides, indicating similar electron/phonon coupling strengths αtr(ℏω) for both modes.  
A VNx growth phase map was established as a function of deposition temperature Ts 
(160-430oC) and nitrogen gas fraction f!!(0.01-1). XRD ω-2θ, pole figures, and φ-scans reveal 
that VNx films with x between 0.80 and 1.00 are single-phase and oriented cube-on-cube with 
respect to their MgO(001) substrates: (001)VNx||(001)MgO and [100]VNx||[100]MgO. HR-RLMs 
indicate that VNx/MgO(001) layers with N/V ratios near stoichiometry (0.95 ≤ x ≤ 1.00) grow 
fully relaxed, while VNx/MgO(001) films with 0.80 ≤ x < 0.95 are partially strained due to high 
concentrations of point defects which hinder dislocation glide. VNx(001) relaxed lattice 
parameters ao(x) were determined from HR-RLM measurements to decrease linearly from 
0.4134 for x = 1.00 to 0.4086 with x = 0.80. Density functional theory calculations of ao(x), in 
which it was assumed that understoichiometry is due purely to N vacancies on the anion 
sublattice, are in good agreement with experimental results. 
I determined the elastic properties of single-crystal stoichiometric NaCl-structure 
VN(001), VN(011), and VN(111) epitaxial layers deposited by magnetically-unbalanced reactive 
magnetron sputter deposition on 001-, 011-, and 111-oriented MgO substrates at 430 oC in pure 
N2 discharges. The VN relaxed lattice parameter ao = 0.4134±0.0004 nm, obtained from HR-
RLMs, and the mass density ρ = 6.1 g/cm3, determined from the combination of RBS and film 
thickness measurements, are both in good agreement with reported values for bulk crystals. Sub-
picosecond ultrasonic optical pump/probe techniques were used to generate and detect VN 
longitudinal sound waves with measured velocities v001 = 9.8±0.3, v011 = 9.1±0.3, and v111 = 
9.1±0.3 km/s. The VN c11 elastic constant, determined from the sound-wave velocity 
measurements, is 585±30 GPa; the c44 elastic constant, obtained from surface acoustic wave 
results, is 126±3 GPa. From the combination of c11, c44, vhkl, and ρ, I obtain the VN c12 elastic 
constant, 178±33 GPa; the VN elastic anisotropy, A = 0.62; the isotropic Poisson ratio, ν = 0.29; 
and the anisotropic Poisson ratios ν001 = 0.23, ν011 = 0.30, and ν111 = 0.29. The three fundamental 
VN elastic constants satisfy the elastic stability criteria, (c11-c12)/2 > 0, c44 > 0, and (c11+2c12)/0 > 
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0, indicating that NaCl structure VN is elastically stable and resists shear along 001 and 111 as 
well as isotropic compression. 
The combination of synchrotron XRD, HR-XTEM, SAED, and ab-initio molecular 
dynamics (AIMD) were used to probe structural phase transitions in epitaxial stoichiometric 
VN/MgO(011). At room temperature, VN has the B1 NaCl structure. However, below a critical 
temperature Tc = 250 K, XRD and SAED results reveal forbidden (00l) reflections of mixed 
parity associated with a non-centrosymmetric tetragonal structure. Upon further cooling, 
reflections intensify following the scaling behavior: I α (Τc-T)1/2. Resistivity ρ(T) measurements 
between 300 and 4 K consist of two linear regimes, resulting from different electron/phonon 
coupling strengths in the cubic and tetragonal VN phases. These findings refute the long-held 
hypothesis that the resistivity of stoichiometric VN exhibits a single sub-linear temperature 
dependence as electron/phonon scattering reduces electron mean free paths to distances shorter 
than the interatomic spacing. The VN transport Eliashberg spectral function α2trF(ℏω), the 
product of the phonon density-of-states F(ℏω) and the transport electron/phonon coupling 
strength α2tr(ℏω), were determined and used in combination with AIMD-renormalized phonon 
dispersion relations to show that anharmonic vibrations stabilize the NaCl phase at T > Tc.  
 
7.2.  Future research 
Based upon the results achieved in this thesis, I suggest the following directions for 
future research on TM nitrides. 
1. Investigate the role of anharmonic lattice vibrations in controlling the temperature-dependent 
thermal conductivity of cubic VN. Anharmonic vibrations are responsible for limiting 
thermal transport in solids. VN is a highly anharmonic system for which anharmonic 
vibrations do not strongly affect charge transport as a function of temperature. It, thus, 
remains to be seen whether the Wiedemann-Franz law, which predicts that thermal 
conductivity scales linearly with the temperature-normalized electrical conductivity, holds for 
this compound. The study could be carried out using time-domain thermoreflectance with 
epitaxial VN/MgO films of high structural quality. Films thicknesses should be larger than 1 
µm in order to minimize substrate effects. 
2. Investigate the electronic transport properties of high-structural-quality epitaxial 
VNx/MgO(001) films in order to determine the evolution of the cubic-to-tetragonal phase 
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transition temperature as a function of x. Temperature-dependent x-ray and electron 
diffraction on selected understoichiometric VNx samples should be used to confirm resistivity 
results. 
3. Investigate the optical properties of high-structural-quality epitaxial VNx/MgO(001) films in 
order to determine whether many-particle interactions affect the electronic band structure as 
strongly as they affect phonon dispersions. 
4. Investigate phonon anomalies and softening in epitaxial VNx/MgO(001) films using thermal 
diffuse and inelastic synchrotron x-ray scattering.  
5. Carry out positron annihilation spectroscopy to directly measure vacancy concentrations in 
epitaxial stoichiometric Group-IVB and VB TM nitride films across single-phase fields in 
order to compare with the ao(x) and density functional theory results presented in this thesis. 
6. Investigate the effect of magnetic fields on VNx transport properties, including temperature-
dependent magnetoresistance and Hall measurements, in order to determine role of 
electron/electron interactions in controlling electronic transport properties of 
understoichiometric films and to determine film carrier densities as a function of x. 
7. Systematically measure c11, c12, and c44 elastic constants of high-quality epitaxial VxMo1-xN 
layers as a function of x. VN-MoN pseudobinary alloys are presently used as model materials 
for the investigation of ductile behavior in hard ceramics [1–5]. However, NaCl-structure 
MoN is elastically unstable with a negative c44 elastic constant [6]. Measurements of elastic 
constants as x approaches zero would indicate the composition at which cubic-MoN becomes 
elastically unstable, as well as provide insights regarding the detailed nature of the instability. 
8. Carry out ab initio molecular dynamics simulations to investigate MoN phonon energies at 
room temperature and above. Density functional theory calculations indicate that NaCl-
structure MoN is dynamically unstable, with imaginary phonon energies, at absolute zero [6]. 
However, the results presented in this thesis reveal that anharmonic vibrations can stabilize 
such phases near room temperature. If the theoretical results predict cubic-MoN to be 
dynamically stable at elevated temperatures, I propose the growth of cubic-MoN by 
magnetically-unbalanced reactive magnetron sputter deposition. 
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